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ABSTRACT

Cancer is a leading cause of morbidity and mortality in the developed world. While much
has been learned about these diseases in the last few decades, one of the main barriers to
widespread advancement is the heterogeneity of cancer biology. A growing body of evidence
supports the idea that certain protein receptors are overexpressed on the surface of tumor cells as
compared to normal tissues. These extracellular biomarkers provide a unique opportunity to
selectively target the tumor with both imaging and therapeutic modalities. The research in this

dissertation focuses on targeting proteins on the tumor cell surface with peptidomimetic ligands.

Following a description of various extracellular receptors, chapter one discusses targeting
ligands designed to specifically and selectively bind these receptors. It reviews recent literature on
targeted alpha-particle therapy and ends with an explanation of the advantages of peptide ligands.
Three distinct approaches to imaging and therapeutic modalities are then discussed in subsequent
chapters. First, a peptide ligand was designed to target radionuclides to malignant melanoma cells
in an effort to develop companion radiotherapeutics and diagnostic imaging agents. The second
research project describes the synthesis of a novel antagonist peptide ligand with conjugated near
infrared dye, and its utility for real-time intraoperative guidance during pancreatic adenocarcinoma
resection. Finally, the last chapter describes how the relatively new field of immunomodulatory

effectors may be enhanced by their derivatization with peptide targeting ligands.

Xvi
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CHAPTER ONE:
INTRODUCTION OF PEPTIDE TARGETING LIGANDS

1.1 Cancer

Advances in modern medicine are improving longevity; between 1990 and 2013,
worldwide life expectancy has risen over 6 years, driven largely by advanced therapy for
cardiovascular disease.' With these longevity increases, chronic diseases have become the leading
causes of death, with cancer now the second leading cause of death in the United States."” The
American Cancer Society projects 1.7 million new cancer diagnoses in 2016.” Although
prevention, early diagnosis, and better treatment options have slowed the rising cancer-related
morbidity in recent decades, further research remains critical to the understanding of mechanisms
by which tumors proliferate and evade destruction. This research is invaluable to both diagnostics
and therapeutics, as the development of better imaging probes can detect aberrant cells earlier and
the identification of innovative therapies can provide alternative treatments for patients with few
clinical options.

While still an amazingly complex process, the mechanisms by which tumors proliferate are
increasingly becoming clearer.* At the cellular level, the many diseases that are encompassed under
the broad definition of cancer are quite heterogeneous.” Much of this heterogeneity is understood

to result from amplified expression of genes that have lower level expression in other normal
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tissues.® Fortunately, the overexpressed protein products of these genes can be leveraged to provide
avenues by which cancers can be characterized and targeted for both diagnostics and therapeutics.
Many of these overexpressed genes encode for transmembrane proteins expressed on the
tumor cells. Common types of these membrane bound proteins include G-protein coupled
receptors (GPCRs) and receptor tyrosine kinases (RTKSs). In fact the most abundant five cancers
(breast, prostate, lung, colorectal, and cervical) are strongly associated with Erk/Akt activation
resulting from RTK signaling at vascular endothelial growth factor (VEGFRs), epidermal growth
factor (EGFR), and human epidermal growth factor (HER2) cell surface receptors.” The
HER2/Neu receptor has been used to both characterize 15-30% of breast cancers, prognosticate,
and treat the disease through innovative monoclonal antibody-based therapeutics.® Folate receptor
overexpression has been characterized in many malignancies while maintaining low expression in
other normal tissues.” Many GPCRs have been implicated in tumor progression through gene
expression profiling."” Our own collaborators at the Moffitt Cancer Center have described the
overexpression of extracellular receptors in malignant melanomas'' and pancreatic
adenocarcinomas'? by way of both tumor micro arrays (RNA expression profiling) and

immunohistochemical (IHC) staining.

1.2 Targeting the Tumor Cell Surface

Philosophically, targeting the distinguishing cell surface features of cancer phenotypes is a
type of personalized medicine. Because significant heterogeneity exists between different types of
cancers as well as between different patients with the same type of cancer, maintaining a large tool

box of targeted therapies may provide the most patient-directed therapy for a large number of
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patients. Overexpressed extracellular proteins are ideal targets not only because of comparatively
lower expression in normal tissues, but because targeting ligands do not have to cross a cell
membrane to interact with the protein allowing for selective targeting of imaging probes and
therapeutics to cancerous cells.

Classic examples of targeting cell surface receptors exist from the observation of folate
receptor overexpression in many malignancies. In 2011, a Dutch group published their
development of a real-time intraoperative guided fluorescence imaging agent using folate
conjugated FITC dye."” The structure of their molecular probe is shown in Figure 1.1. This probe
was used primary for staging and debulking epithelial ovarian cancers, but laid the framework for

future near infrared fluorescent probes that could illuminate deeper tumors.
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Figure 1.1. FITC targeted agent for folate receptor. Folate is colored blue, an ethylene diamine
spacer is shaded green, and the fluorescein isothiocyanate (FITC) is shown in red.

Targeted radiopharmaceuticals provide another avenue by which a targeting ligand can
either provide diagnostic/imaging information or act as a therapeutic agent. Typically, targeting
ligands are coupled with a chelating molecule that can complex a radionuclide. The type of

radioactive disintegration each radionuclide gives off determines how the targeting agent is used.
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Emitted radiation may be in the form of high energy photons or positrons when used as imaging
agents. Other categories of radionuclides emit - and/or o- particles. Table 1.1 lists common o-
emitting radionuclides. Due to the high energies of these particles, they can be complexed as
ligand-targeted payloads. These ‘smart bombs’ may then cause cellular damage to surrounding
targeted tissues.'* As another example of folate receptor targeting, in 2014 a Swiss group
complexed the a-emitting radionuclide Tb-149 to a folate analog.” They demonstrated efficacy of
their targeted therapy in a murine xenograft model by extending overall survival compared with

control groups. The targeted delivery of a-emitting radionuclides is termed targeted alpha particle

therapy (TAT).

Table 1.1. Summary of common a-emitting radionuclides.

Radionuclide  Emitted Particle(s) = Radioactive Half-Life (min) o-Particle Energy (meV)

9 Th o (1) 252 4
AL a (1) 432 6
gy a (1), B (1) 60.6 6
22p}, a (1), B (2) 636 6
2By a (1), B(2) 46 7.8
"R, a(4), B (2) 16,416 6.7
WA a(4), B (2) 14,400 68

The most commonly utilized chelating molecules for targeted radionuclide therapies in
conjunction with biological molecules are 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

(DOTA), diethylene triamine pentaacetic acid (DTPA), and their related analogs (Figure 1.2).

4
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Depending on the how the complexing agent is linked to the targeting ligand, these organic

structures feature 3-4 carboxylates that are negatively charged at physiologic pH, and along with the

lone pair electrons from each of the 3-4 nitrogens coordinate metal ions like a- and B- emitting

radionuclides. Often these chelating molecules are linked to the targeting molecule by forming a

new amide bond between an amine on the targeting molecule and a carboxylate on the

DOTA/DTPA. This strategy is particularly advantageous in the case of peptide synthesis since the

reaction, characterization and purification of the linker addition can be part of the overall

synthesis of the targeting ligand.
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Figure 1.2. Common metal chelators and binders used to attach radionuclides to targeting ligands.

When DOTA/DTPA is linked to proteins like antibodies, amide bonds are often created

between a primary amine of surface-exposed lysine residue and an activated carboxylate on the

DOTA/DTPA (Scheme 1.1). Another widespread chemistry available to link protein lysines with
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DOTA/DTPA is through an isothiocyanate which yields a stable thiourea (Scheme 1.1)."*'" While
these newly formed amide bonds create the same covalent structure as the synthetic peptide
conjugates, there are important distinctions. In the stochastic reaction of any accessible lysine,
many different combinations are possible and there is little control over the regioselectivity of the
conjugation. It is even possible that targeting ligands could block or hinder the antigen binding
sites of the therapeutic antibody. Therefore, site-specific modifications allow for control of the

regioselectivity as well as avoidance of targeting ligand interference with antigen-antibody binding.

o]
O 0]
a )J\ N Lysi )J\ i
(@) R N0~ b N bysine > R\ Lysine
o H
0 SO3'Na+
¢} (0]
] " j.
(b) R)J\O/ T TH e —— R\ Lysine
0 H
S
(c) R—N=C=S + HZN/LySIne - R\N)J\N/Lysine
H H

Scheme 1.1. Common conjugation chemistries used to functionalize biomolecules. Row (a) and
(b) show activated NHS and Sulfo-NHS esters reacting to form native amide bonds with lysine side
chains from a biomolecule. Row (c) shows isothiocyanate reaction with the same lysine side chain
on a biomolecule to from a stable thiourea bond.

The importance of site-specific modifications to biologic targeting motifs has recently been
studied. In a 2014 paper from UCLA,"*diabodies (Dbs) were conjugated site-specifically through

reduced cysteines and non-specifically through accessible lysine e-amines to DOTA chelators.
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While the tumor-to-blood ratio of the specifically labeled protein was moderately higher than the
more heterogeneous product, the more striking result was the renal and hepatic distribution.
Kidney uptake levels were almost doubled for the cysteine-labeled Db, and liver uptake levels were

reduced for the non-specific amine-labeled Dbs.

1.3 Targeting Molecules

There is no one-size-fits-all answer to the question: what is the best targeting molecule?
Rather, the abundance of target molecule classifications allow for a more customized approach to
developing targeted agents. Globally, the requirements of a targeting ligand include the ability to
concentrate at, and bind to, extracellular targets and the availability of chemical functional groups
amenable to the attachment of linkers and chelators. A balance of many other factors such as off-
target binding, biodistribution, and pharmacokinetics (particularly with respect to the decaying
halflife of the chosen radionuclide) are also critical factors for selection of a proper targeting
ligand. Peptides, antibodies, antibody fragments, and even some passive targeting strategies have

been investigated to deliver radioisotope payloads.

1.3.1 Antibodies

Full length immunoglobulins (IgGs) are typically in the 150 kDa molecular weight range,
and are understood to have high binding affinity and specificity to a broad range of extracellular

receptors. Developments in hybridoma cell line technology have opened the door to the

www.manaraa.com



production of monoclonal antibodies (mAbs) which can be labeled with chelating molecules, to
which radionuclides can be added. This approach to specifically deliver ionizing radiation payloads
is termed radioimmunotherapy (RIT). While many of the examples listed in this section involve
radioactive payloads directly conjugated to the protein, antibodies have also been employed to

target macromolecular payloads such as nanoparticles and liposomes to cellular targets."”*!

A research group based in the Memorial Sloan-Kettering Cancer Center (MSKCC) has
reported several accounts of their work labeling trastuzumab with actinium 225. This mAb is the
well-known and FDA approved HER2/ERRB2-targeting agent. In the beginning, they showed
using a spheroid in vitro model that their o-RIT scheme could penetrate spheroids, retard growth,
and prevent regrowth of colonies in a dose dependent manner.”” While a promising start, this
work underscored the importance of target expression and also suggested challenges of RIT due to
the slow extravasation of targeting agents in normal tissues and toxicities of released/free decaying

daughter products.”**

Also at MSKCC Scheinberg group’s work eventually led to the first clinical trial of an
actinium-225 chelated targeted antibody.”” This a-RIT scheme utilized the previously explored
humanized anti CD33 antibody, limtuzumab, to target acute myeloid leukemia cells. This work led
to the birth of Actinium Pharmaceuticals and a portfolio of targeted *’Ac conjugated constructs in

both preclinical and clinical pipelines.

Other radionuclides in alternative labeling strategies have also been explored. In 2013
Orozco and coworkers coupled a decaborate cage structure (B10, Figure 1.2) with astatine-211 to

anti-CD45 antibodies in an attempt to target acute myeloid leukemia.’® More recently Green and
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coworkers reported anti-CD20 mAb conjugated with *"'At in a similar B10 labeling scheme.”’
This study sought to eliminate minimal residual disease (MRD) in a mantle cell lymphoma animal
model exploring both disseminated and xenograft models. Interestingly, the disseminated disease
model showed remarkable results with 70% disease eradication, while the subcutaneous
lymphoma xenograft group had only modest benefit with no cured animals. Therefore while a-RIT
is attractive for disseminated disease, benefits appear to be modest at best for bulkier tumors,
highlighting the need for adequate tumor perfusion for the targeted alpha therapy to be fully

effective.

1.3.2 Antibody Fragments

A limitation of full-size IgGs is their typical 1-3 week serum stability. While this durability
may be advantageous for certain therapeutic applications, in RIT it can be serious liability. Excess
antibody can continue to circulate, lowering the tumor-to-nontumor (T/NT) ratio particularly with
respect to the tumor-to-blood (T/B) ratio. Finally, high levels of continuously circulating alpha-

emitters results in hematological toxicities as well as extravasation in normal tissues.

In attempts to shorten the long plasma halflife of full length antibodies, many groups have
sought to reduce the size and stability of the mAb while retaining their advantageous binding
characteristics. To this end antibodies have been modified through both enzymatic cleavage to
smaller antibody fragments as well as de novo protein engineering.”** For comparison, the
engineered antibody fragments of diabodies (Db) and minibodies (Mb) have typical circulating

half-lives of 2-5 and 5-12 hours respectively, compared to 1-3 weeks for full-length IgG. Monovalent
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and bivalent affibodies (7 and 15 kDa respectively) have been developed with targeting specificity
to HER-2 and plasma halflives of roughly 45 minutes.” The science of antibodies is ever
progressing and new classes are still being observed in nature; nanobodies (13-14 kDa) are heavy
chain-only antibodies that have been isolated from Camelidae and have lately been conjugated with
theranostic radionuclides.” These new categories of targeting constructs are adding to the growing
body of evidence that there may be a so-called ‘Goldilocks’ zone in terms of size of targeting

constructs.

1.3.3 Peptides

Peptides are oligomers of amino acids that may exhibit secondary structure, include
branched or linear frameworks, and may be composed of varying amounts of non-canonical
monomers. The polypeptide chains of peptides can have anywhere from 2 to 70 amino acids but
more typical examples of targeting peptides are made of less than 10-15 amino acids (1,000-1,500
MW). Owing to this molecular weight and their capacity to be synthesized and modified with
conventional organic synthesis techniques, peptides have long been utilized as targeting agents for

radionuclide therapies and diagnostic applications.

Since the 1980s, analogs of the endogenous peptide hormone somatostatin have been
developed as therapeutics for neuroendocrine disorders.”> The FDA approved octreotide (OC,
Figure 1.3) a cyclic octapeptide upon which much of the early peptide receptor radionuclide

therapy (PRRT) was based. Chelating molecules were attached to octreotide and various
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radionuclides for - and a-emission therapies have been reported. Figure 1.3 details the structure

of OC and two of its commonly used PRRT ligand analogs, DOTATOC and DOTATATE.

W;\Sj

)L i;(

Figure 1.3. The somatostatin mimetic octreotide and its DOTA- containing analogs. octreotide: R,
=H, R, = H, R; = CH,OH; DOTATOC (endotreotide): R, = DOTA, R, = OH, R; = CO,H;
DOTATE (octreotate): R, = DOTA, R, = OH, R, = CH,OH

NH,

Nephrotoxicity is often one of the most pressing theoretical concerns with PRRT due to
known reabsorption of the labeled peptide during glomerular filtration.” This is especially
problematic for beta therapy, more so than with alpha emitting therapies. The first published
account of the alpha-emitter *’Bi in an OC analog (DOTATOC, Figure 1.3) was reported in 2006.
The radio-peptide ligand was shown to retain its affinity for the somatostatin receptor and
inhibited tumor growth in a somatostatin receptor-positive rat pancreatic tumor model
(CA20948).”* Importantly the study followed major organ toxicities in rodents. Little to no
nephro-, hepatic-, or hematological toxicities were observed in the various doses (13-22.2 Mbq).

The organs with the most toxicity were the adrenals and the pancreas, both of which are known to

11

www.manaraa.com



express low levels of somatostatin receptors. This favorable toxicity profile may be due, in part, to
the limited range of the ejected a-particles and also the short radioactive halflife of *"’Bi.
Ultimately this study demonstrated that the high energy a-emitting radionuclides do not
necessarily have the same toxicities of their f-emitting analogs and represent a more attractive

therapy.

In addition to its more favorable toxicity profile, alpha-emitting therapies have been shown
to have improved efficacy over their beta-emitting counterparts. In a recent report, tumors that had
become radioresitant to B-therapy (°Y and ’Lu - DOTATOC) responded to *’Bi-DOTATOC
and cold octreotide therapy in a clinical model of 8 human patients.” The treatment for each
patient was individualized according to their particular disease state and all patients had
substantially positive outcomes in terms of tumor regression and survival. Critically, the acute
hematological toxicity normally associated with the analogous B-therapies were only moderate with
alpha therapies. And where B-therapies are typically limited by their nephrotoxicity, this report
suggested only mild reduction in acute renal function. No other major acute toxicities were
reported. This first-in-human report of peptide-targeted alpha therapeutic may lay the ground work

for future human TAT using peptide-targeted systems.

1.4 Medicinal Chemistry of Targeting Ligands

As previously touched upon, characteristics of various targeting ligands like lipophilicity,
molecular weight, and ionization potential are all critical, and modifiable, variables that help

modulate targeting ligand properties. For example, small, polar compounds are more likely to
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undergo renal excretion and the addition of a PEG linker adds water solubility, bulk, and may
help avoid kidney toxicities. Conversely, the removal of an ionizable group (eg. sulfonate or
protonated amine at physiologic pH) during medicinal chemistry design may make the targeting
ligand more hydrophobic and shift clearance predominantly to the liver. Therefore when working
to reduce targeting ligand complexity or increase the ease of synthesis, these physical attributes of

the compound must be considered.

An example of the biology mantra, “structure begets function,” is exemplified in the
vignette of constrained peptide ligands. Early work from Hruby and collaborators showed how
subtle changes to an endogenous peptide hormone like oxytocin could induce conformational
restrictions.’®*® By limiting available conformational space that the peptide can ‘sample,” the more
correct binding conformation may be found. From an entropic standpoint, enacting these
constraints on the binding pharmacophore may yield a tighter binding ligand. Additionally, the
change in ligand structure may have the effect of changing the function of the ligand. Whereas the
comparatively floppy peptide ligand, oxytocin, was shown to bind to its receptor and ellicit
downstream signaling, constraining the sequence with a penicillamine point mutation created an
antagonist ligand that bound the receptor but inhibited signal transduction. Today synthetic
oxytocin is approved clinically to hasten childbirth while constrained antagonist analogs are used

to stop preterm labor.”

Antibodies and engineered fragments can also benefit from medicinal chemistry
optimization. Many chelators and linkers covalently attached to antibodies and their fragments
produce heterogeneous products. In the most typical fashion of linker attachment, surface

accessible lysine side chains are utilized to form covalent bonds with radionuclide chelating
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molecules (Scheme 1.1). Site specific antibody modifications can yield more homogeneous
products. The Rader group at Scripps Florida has made such progress by engineering a
selenocysteine residue into targeting antibodies, allowing for complete control of regiochemistry

during functionalization due the increased nucleophilicity of selenium over sulfur.®

Another route to increasing T/NT ratios is through pretargeting. These strategies operate
under the premise that nonradiolabeled bifunctional targeting agents can be administered to the
patient and allowed to sufficiently converge on their target. Once the unbound portion has
cleared, a fraction of radiolabeled molecule with a binding affinity for the bifunctional targeting
agent is administered. Typically, the radiolabeled agent is designed to clear quickly if unavailable
for binding, thus lowering off target radiation. Typical binding partners amenable to pretargeting
schemes include avidin/streptravidin - biotin, DNA - DNA, and antibody- hapten interactions.*
For a more in-depth analysis of pretargeting strategies please see the recent review article from

Frampas and colleagues.*

Other important research regarding linkers has uncovered different methods to reduce
kidney toxicity due to the renal reabsorption of radiolabeled peptides and antibody fragments as
they are filtered by the glomerulus. By taking advantage of renal brush border enzymes, the
radionuclide can be cleaved from targeting ligand and excreted. By engineering an antibody
fragment with C-terminal lysine, and subsequently modifying the e-amine with DOTA:indium-
111, Li and coworkers demonstrated a 50-60% reduction in kidney uptake of the radionuclide.”
More recently the Akizawa group probed the brush border enzymes to understand more about

their specificity. They were able to pinpoint a glycine-tyrosine linkage that specifically cleaved a
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radio-iodinated benzoate derivative from an antibody Fab fragment.* Presumably a similar

approach could be used for the a-emitting halogen, *''At.

Polyethylene glycol (PEG) linkers are made of repeating -CH,CH,O- monomers and are
commonly employed by chemists to alter biodistribution and pharmacokinetics. PEGs can be
prepared in two categories, polymeric and discrete oligomers. Bifunctionalized versions of these
polymers can link targeting molecules with the chelating agent or just add bulk/solubility to
smaller molecular weight entities. Researchers wishing to reduce immunologic response to
nanoparticles have been known to decorate their macromolecules with PEG", as was the case with

McLaughlin and coworkers with PEG12 linker used to link 4 nm, *’Ac containing, nanoparticles

to mAb.¥

1.5 Vision for This Dissertation

Although there are advantages and disadvantages to both antibody- and peptide-based
targeting molecules, the theme of this current research utilizes peptides as targeting ligands for
many reasons. First, peptides may be synthesized using conventional organic chemistry techniques
and through solid phase peptide synthesis. Synthesis may use manual, automated, or a
combination of both methods. There is a degree of control in these types of synthesis, which may
be monitored, adapted, and optimized to create high purity, discrete ligands. Furthermore, the
design of each peptide ligand may be engineered to include non-canonical amino acids and
monomers. Structures may be branched and the attachment of various molecular payloads is

straightforward. Overall, a chemist has remarkable control over the synthesis of peptide ligands.
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Secondly, the physical and biological properties of our peptide ligands match the aims of our
research projects. All of our targets are cell surface receptors on vascularized tumor tissues not
present in the central nervous system. Peptide ligands are ideal for targeting these receptors since
they do not passively cross cell membranes or the blood-brain barrier. Finally, the kinetics and
distribution of our ligands are good matches for the various payloads they are capable of carrying,

225

from o-emitting Ac™ to fluorescent dyes, and immune effectors.

Each of the following three chapters in this dissertation contains a research project
regarding a single extracellular receptor that is bonafide biomarker of a particular cancer type.
Peptide ligands were designed and synthesized to have various targeting characteristics for each
receptor. Furthermore, the peptide ligands were covalently attached to a different payload in each
project, each with their own purpose. All of our targeting peptides have at least one imaging
modality, and many have a therapeutic aim as well. The overarching theme of this body of work is

that peptides are effective targeting ligands for cancer imaging and therapeutic applications.
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CHAPTER TWO:

MELANOCORTIN 1 RECEPTOR TARGETING LIGANDS AND THE DEVELOPMENT
OF A TARGETED RADIOPHARMACEUTICAL AND COMPANION DIAGNOSTIC

IMAGING AGENT

2.1 Introduction

Although it accounts for just over one percent of all skin cancer diagnoses, melanoma is
the most deadly type of skin cancer and the incidence continues to rise each year." With
approximately 80,000 new diagnoses in 2016, the American Cancer Society estimates that over
10,000 people will succumb to the disease this year.” Cutaneous melanomas account for the
majority of cases (91%), while uveal melanomas, for which there is little pharmacotherapy, make
up roughly 3% of diagnoses.” Melanoma is characterized as a malignancy of the melanocyte,
present in the basal layer of the epidermis. In normal tissues, these dendritic-like cells are
responsible for skin pigmentation through melanin production. Given their proximity to blood
vessels and the lymph system, melanoma often metastasizes quickly, necessitating systemic
therapies as compared to localized excision common in other skin cancers.

Clinical staging of melanoma is based on depth of tumor growth, lymph node involvement,
and degree of metastases. Conventional therapies for cutaneous melanomas consist of wide
surgical excision and external beam radiation which are particularly effective for early stage disease,

and yield five and ten year survival rates of 92% and 89% respectively.” However therapy for later
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stage diseases is significantly less effective. Five and ten year survival rates of malignant melanomas
that have spread past their origin are 63% and 17% respectively.” The poor prognosis, especially
with late stage disease, coupled with the growing incidence of melanomas illustrates a definitive

need for new treatments and diagnostic tools.

Recent developments have shown differential gene and protein expression levels in subsets
of melanomas. For instance, the variable expression of BRAF and NRAS mutations have been
found in 58% of primary melanomas and 63% of metastases,” and have led to new targeted
therapies including small molecule inhibitors, dabrafenib® and vemurafenib.” While these and
other non-conventional therapies® show tremendous promise, they still leave a large portion of
afflicted patients without targeted therapies. The melanocortin-1 receptor (MC1R) has been
found in 80% of cutaneous malignant melanomas and 95% of uveal melanomas according to
mRNA expression,’ and the MC1R is expressed as protein in 97% of melanoma metastases (highly
overexpressed in 50%)."" Furthermore the MC1R is expressed in 42% of metastases that aren’t

candidates for current melanoma targeted therapy.

The MCIR is one of five isotypes in a family of G-protein coupled receptors present on the
surface of melanocytes.!’ Isotypes of the receptor have variable expression in normal tissues like
kidneys and lungs (MC5R), adrenal glands (MC2R), hypothalamus (MC3R), heart (MC4R), and
brain, hair and skin (MC1R). Because most peptides agents do not readily cross a normal blood-
brain barrier (BBB), it is easy to discover MC1R peptide ligands that do not concentrate in the
brain. Due to the high levels of MC1R cell-surface expression in skin, it serves as good biomarker
of malignant, uveal, and metastatic melanomas, making it a potentially valuable target for imaging

and targeted radiopharmaceuticals.
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Melanotropins are a family of endogenous peptide hormones that are known to interact
with melanocortin receptors. Alpha-melanocyte stimulating (-MSH) hormone is one such peptide
that is a non-selective agonist, and is understood to help regulate appetite, metabolism, and sexual
function. Based on the primary sequence of o-MSH (Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-
Lys-Pro-Val-COOH), a peptidomimetic was developed in the 1980s with high affinity and potency
for MC1R (K, = 1.8 nM)."? This peptide included 2 point mutations at the 4- and 7- positions
giving rise to the name 4Nle-7DPhe-a-MSH (NDP- o-MSH). This melanotropin analog lacked
selectivity for the MCIR, as it still bound to the MC4R and MC5R isotypes with K; = 19 nM and

9.9 nM, respectively.

Due to the value of MCIR as a biomarker, much SAR research has been done on the
pharmacophore of -MSH to increase its affinity and selectivity for the MC1R.""® The common
pharmacophore in all analogs developed to date have been collectively referred to as the ‘message
sequence,’ a section of four amino acids (His-DPhe-Arg-Trp) attributed to the binding affinity of
the ligand."” However it was not until the Morse group, in collaboration with BIO5 in Arizona,
completed SAR work on both the C-and N- termini of the message sequence that acceptable
selectivity was obtained. Table 2.1 lists the most valuable analogs to emerge from this
collaboration.' The optimized ligand identified was one that capped the N-terminus with a 4-
phenylbutyric acid moiety and included a glycine spacer between the C-terminal lysine and the
message sequence. This compound (Figure 2.2) exhibits high selectivity for the MC1R over the

MC4R and MC5R isotypes.

Some groups have capitalized on the targeting ability of melanotropin analogs by arming

the targeting ligands with payloads appropriate for imaging or cytotoxic therapies. Chen and
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colleagues made use of the non-selective NDP-a-MSH to image tumors with an attachment of
9mTe, " while the Morse group and collaborators have examined the imaging capabilities of their
lead melanotropin analog by attaching gadolinium-texaphyrin®® polymer micelles to the C-terminal
lysine for magnetic resonance imaging.'®*' Despite the functionalization with relatively large (790

nm) micelles, the peptide ligand retained its selective targeting for the MCIR.

Table 2.1. Select previously reported SAR work done on melanotropin message sequence."®

No Ki (HM)
Structure MC1 | MC4 | MC5 1R/4 | 1R/5
R R R R R

1 4-phenylbutyryl-His-DPhe-Arg-Trp-NH, 0.17 160 27 950 160
2 Ac-homophe-His-DPhe-Arg-Trp-NH, 1.8 988 58 560

3 4.phenylbutyryl-His-DPhe-Arg-Trp-Gly-Lys(hex-5- 0.24 154 46 1058 192

ynoyl)-NH,

4 NDP-0-MSH 1.8 19 9.9 10 5.5
5 3-targeted polymer 26 - - -

6 3-targeted micelles 2.9 - - -

Regarding therapeutics, targeted alpha-particle therapy (TAT) has been utilized with both
peptides and antibodies as targeting agents and is an attractive option. The background of TAT is
discussed at length in the introduction to this dissertation; in brief, the disintegrations of
radioactive *’Ac produce a decay chain of daughter products and four total alpha particles (Figure
2.1). These alpha particles have the mass of helium nuclei and when ejected from the nuclei at
great velocities, have tremendous kinetic energy. When targeted to a tumor by peptide targeting of
the overexpressed cell-membrane receptors, this cytotoxic alpha-emission can destroy localized

tissues.

Analogous to the imaging work completed by Chen and Morse, the purpose of this

research was to complex the cytotoxic radionuclide actinium-225 to an optimized version of the
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MCIR Ligand (MCIRL). In tandem with this targeted alpha-particle therapy goal, the promise of
developing a companion imaging agent was tantalizing. The vision was to create a compound that
could be complexed with an imaging radionuclide to assess susceptibility to TAT, a therapeutic
radionuclide for TAT, and then repeated imaging to assess efficacy following treatment.
Furthermore, by using a peptidomimetic as the targeting ligand, the pharmacokinetics, dynamics,

and biodistribution could be optimized with simple modifications to the chemistry.
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221Fr
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) — e

Figure 2.1. Actinium-225 decay pathway.

A

2.2 Results and Discussion

2.2.1 Peptide Design and Synthesis

The linear MC1RL message sequence has previously been elucidated," with the C-
terminal lysine offering a branching point by utilizing an orthogonal allyloxycarbonyl (alloc)
protecting group on its e&-amine. Not only was this branching critical for the inclusion of a payload

23

www.manaraa.com



on the targeting ligand, it also helped facilitate efficient synthesis. Using this branching point, the
targeting ligand was synthesized in larger batches (typically 0.1-0.5 mmol) up to the point of alloc
deprotection. Different linkers and payloads were then appended in split syntheses. Importantly,
all of this synthesis was performed on solid support, yielding highly pure product in a manageable
fashion. Scheme 2.1 provides an overview of the solid phase peptide synthesis (SPPS) empolyed

for this peptide and its analogs.

0]
FmocHN \HLOH FmocHN” Rink Llnkerw. -
R
AcA 2) Resin wash/drain
1) Amino acid activation 3) Fmoc deprotection
\i 4) Resin wash/drain
6) Repeat using

o] appropriate amino

FmocHNW)\ACA o RIK Linker ) acid sequence

R
5) Coupling/elongation step

o
AcA : Activating Agent Fm°°HN\)LN-Rink Linker".
R : Amino Acid Side Chain B H

NHAlloc

NHPbl

. %I\ éN\)kN/\[rN\/lL RlnkLlnker’\.

NBoc
NHAlloc
Scheme 2.1. Typical solid phase peptlde synthesis of linear MC1RL.
Previously, the C-terminal branched lysine of this targeting ligand was coupled to a
hexynoic acid monomer (Figure 2.1). This functional group enabled functionalization through so-

called ‘Click Chemistry*” to large (91 nm) polymer micelles with and without texaphyrin-

gadolinium.”"*’ Remarkably, the attachment of macromolecules did not disrupt the binding of the
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peptide ligand with the extracellular receptor. The binding affinities of the parent peptide and
polymer micelles were reported as 0.24 nM and 2.9 nM, respectively.'®*' The ligands also
maintained their specificity for the MC1 isoform of the receptor. It was inferred from these
studies that the linker tethering the payload to the targeting peptide may have been important to

retain high binding affinity for the receptor-target.

HN NH2

H o

o

NHZ
Figure 2.2. Structure of previously reported lead MC1RL targeting ligand.(Barkey, 2011)”

To mimic the number of spacer atoms in the linker, the first MC1RL compounds for this
project included a 6-aminohexanoic acid linker in place of the 5-hexynoic acid linker. The linker
was both inexpensive and commercially available as the Fmoc-protected amino acid. It was
coupled using the same SPPS strategy with HCTU activation shown in Scheme 2.1. The MC1RL
analog was then finished by attaching a DTPA metal-chelating motif to the aminohexanoic acid
linker. After an acid cleavage, lyophilization, and subsequent HPLC purifications MC1RL-Ahx-

DTPA was isolated as a pure white powder. This compound is shown Figure 2.3, R%.
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This MC1RL-Ahx-DTPA compound was then complexed with europium and tested for

binding affinity for the MC1R. The Morse group ran this assay by testing direct peptide binding

on whole-cells expressing the receptor. The detection method for this experiment was release of

europium from the complex, and the direct binding of the compound was measured at 1.3 nM

(Ko

HN/\N
N
N
H

0 y O
N
N I _QLNHZ
H H B
HN WR
R = See below \Q/\MH
2 —
Rl= "= o
@) HOOC
N
N —\_nP
\/\ PN
N™ ~CO,H é \_COOH
HOZC H Hooc”
~COH Hooc>

Figure 2.3. Structures of MC1RL-Ahx-DOTA (R') and MC1RL-Ahx-DTPA (R?).

Having proved that a chelating molecule could be functionalized to the C-terminus of

MCIRL, complexed with a lanthanide metal and still retain binding affinity, the next compound

synthesized contained a DOTA motif. This DOTA molecule would complex positive-three charge

metals with tighter binding, and thus be more suitable for in vivo experiments. This second
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MCI1RL analog, MC1R-Ahx-DOTA (Figure 2.3, R"), was synthesized in an analogous fashion to
the point of metal-chelator coupling. At this step, a tri-tbutyl-protected DOTA molecule was
coupled to the C-terminal branch through an amide bond as shown in Schemes 2.1 and 2.2.
Peptide was subsequently cleaved from the resin, and chromatographed to greater than 95% purity
by reverse phase HPLC. After lyophlization, the targeting ligand was isolated as a dry white
powder in 29% overall yield (93 mg, 0.0631 mmol). MALDI-TOF analysis determined the
monoisotopic mass (M+H") to be 1474.9036 (expected: 1474.7954). Table 2.2 lists other linear
analogs, including MC1RL-Ahx-DTPA and MCIRL-Ahx-DOTA, which have been synthesized for

this project.

2.2.2 Chelation of Metals

Surrogate metal atoms were utilized for method development in place of radioactive
radionuclides, our ultimate imaging and therapeutic agents. Due to its oxidation state, size, and
periodic table relationship, lanthanum was chosen as a surrogate for the alpha-particle emitting
radionuclide, actinium-225. The natural abundance isotopes of gallium (67/69) were an obvious

substitute for the positron-emitting radionuclide, gallium-68. Both of these surrogate metals were

complexed with the purified MCIRL-Ahx-DOTA (Scheme 2.2).

The complexation reaction was affected by stirring the pure DOTA compound with the
three charge state chloride salt of each metal in 100 mM ammonium acetate, pH 8. Initial

experiments were carried out at room temperature with mechanical stirring. The reaction was
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monitored with analytical scale HPLC experiments using pH 6 buffered mobile phase buffer to

slow the metal release from complexation.

Table 2.2. Linear MC1RL analogs that have been synthesized and characterized by mass

spectroscopy.
Compound Formula Expected Mass M+H")  Experimental Mass (M+H")
MCIRL CsoHgsN 1407 975.5312 975.5312
MCIRL-Ahx-FBA Ces3HgoN500F 1210.6320 1210.6185
MCIRL-Ahx-DTPA CioHgsN15017 1463.7430 1463.7946
MCIRL-Ahx-DTPA: Eu CioHysN15O;Eu 1610.6321 1610.6323
MCIRL-Ahx-DOTA CH10sN 15015 1474.7954 1474.9038
Scram.MC1RL-Ahx-DOTA* CnHi0sN19Oy5 1474.71954 1474.9086
MC1RL(D5)-Ahx-DOTA Cr,HosDsN5Oy5 1479.8268 1479.9137
MC1RL-Ahx-DOTA: La CpH 00N sOysLa 1610.6783 1610.6553
MC1RL-Ahx-DOTA: Ga CrH 00N 1305Ga 1540.6975 1540.6762
MC1RL-Ahx-DOTA: Eu C;,H 00N 13O sEu 1624.6931 1624.8046
MC1RL-Ahx-DOTA: In C;H 00N 1O s5ln 1586.6758 1586.6984
MCI1RL-diDGlu-DOTA* Cr6H106N20020 1619.7965 1619.9089
MCI1RL-diDGlu-DOTA*: In Cr6H 103N 2005010 1731.6769 1731.7107
MCI1RL-diDLys-DOTA* CisH116N2»,O6 1617.9012 1617.9916
MC1RL-DOTA CeeHoaN 15014 1361.7113 1361.7437
MCI1RL-DOTA: La CeeHgoN5014La 1497.5942 1497.6658
MC1RL-DOTA: Ga CesHgoN 150 14,Ga 1427.6134 1427.6444
MC1RL-DOTA: Eu CesHgoN 3O 14Eu 1511.6091 1511.7075
MC1RL-DOTA: In CesHgoN 150 4In 1473.5917 1473.6042

*denotes peptide ligand that was prepared by Dr. Hyunjoo Kill.
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Scheme 2.2. Chelation of metals to Peptide Ligand-DOTA (shown with Ga™).

Figure 2.4 depicts the HPLC chromatograms from the reaction monitoring experiments. A
time-zero, or pure peptide starting material, is shown for reference in box (a) with retention time of
27 min. After 2.5 h, the gallium reaction was shown to have progressed 80% (b) and was complete

by 20 h. The lanthanum chelation was shown to have fully progressed after only 4 h.

A noteworthy observation of the metallated MC1RL peptides is their similar retention
times from the HPLC experiments. Both the lanthanum- and gallium-bound compounds had

retention times of 25 min using this method. This similarity was a positive indication that the
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metal bound peptides had similar physiochemical properties. At this point our suspicion was that
these similar properties would likely lead to similarly behaving compounds in terms of

pharmacokinetics, pharmacodynamics, and biodistribution.
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Figure 2.4. HPLC chromatographic overlay comparing the time course of metal chelation with
MCIRL-Ahx-DOTA. (a) Time-zero (O h) run in the absence of metal showing a retention time of
27 min for unchelated peptide. (b) Gallium chelation at 2.5 h showing both the metallated and
the nonmetallated version of the peptide. (c) Gallium chelation at 20 h showing complete peptide
chelation at ~ 25 m retention time. (d) Complete Lanthanum chelation (4 h) shown at 25 min

retention time.

The next test of the surrogate-bound MC1R-Ahx-DOTA compounds was their binding
affinity for the MC1R. This assay was performed by the Morse lab in their competition-style time
resolved fluorescence binding assay.** Here a well'known and characterized ligand (NDP-o-MSH)

with affinity for the melanocortin receptors was complexed with the lanthanide, europium. A
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direct measurement of NDP-a-MSH binding to expressed melanocortin-1 receptors can be made
down to the attomole ligand quantity. The test compounds were then allowed to compete with the
europium compound to indirectly determine their binding affinity in the cell-based assay. Figure

2.5 shows the binding curves for the unbound ligand and the gallium- and lanthanum- complexes.

2.0x105-
o MC1RL-Ahx-DOTA —&-
S 45105 MC1RL-Ahx-DOTA:Ga —=
& ] MC1RL-Ahx-DOTA:LA —a—
[1}]
S 1.0x10%
L
>
£ 5.0x10%-
2
<L
0 , . . . .
_2 -1 0 1 2 3

Ligand Conc. (nM)

Figure 2.5. Whole-cell competition binding affinities of metallated and unmetallated MC1RL-Ahx-
DOTA analogs. Assay performed by Valerie Moberg.

The new MC1RL-Ahx-DOTA compounds were shown to bind with MCIR at similar sub-
nanomolar affinities to those previously reported in the literature. The K, of the tested compounds
were recorded as 0.24, 0.23, and 0.34 nM for the "¥La-, ®/"'Ga-, and the unbound- MC1RL-Ahx-
DOTA compounds respectively. Once again, the similar binding affinities of the different

surrogate chelates provided evidence that the compounds would behave similarly in vivo.

After having successfully labeled the MC1RL-Ahx-DOTA compound with the cold

surrogate metals, the empty compound was sent to Wake Forest University for radiolabeling in the
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lab of Dr. Thad Wadas. That group has had expertise working with actinium-225 obtained from
the Oak Ridge National Laboratory. There, MC1RL-Ahx-DOTA was loaded with *’Ac under
similar conditions to our own labeling procedure and then tested for radiochemical purity and
plasma stability. The Wadas group labeled the compound in 95% radiolabeling yield and 99.8%
radiochemical purity. They also incubated (37 °C) the radiolabeled compound (56 nCi) in human
serum and monitored radiochemical purity over the course of 10 days. They reported roughly 90%

stability of the actinium-bound targeting ligand at the end of the time course.

Figure 2.6. Structure of scrambled-MCI1RL-Ahx-DOTA.

During this time another version of MC1RL was constructed by Dr. Hyunjoo Kil to be

used as a non-binding control for the biological testing. This compound had the primary sequence
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of the MCIRL pharmacophore mixed up, or scrambled, to eliminate specific binding to the
melanocortin-1 receptor. Instead of the correct binding sequence (His-DPhe-Arg-Trp-Gly) the
scrambled sequence was composed of amino acids in the order: Trp-Gly-His-Arg-DPhe. Figure 2.6
shows the structure of the completed scrambled-MC1RL-Ahx-DOTA. Finally both MC1RL-Ahx-
DOTA:Ac and its scrambled control were shipped back to the Moffitt Cancer Center the Morse

group’s testing of the compound in both in vitro and in vivo studies.

2.2.3 Biological Testing of MC1RL Compounds

The actinium-chelated targeting ligands, MC1RL-Ahx-DOTA:Ac and its scrambled analog,
were tested in a barrage of experiments. Dr. Narges Tafreshi led the group’s experimentation. The
radiolabeled compounds were tested for cytotoxicity by assaying melanocortin-1 receptor positive
cells for metabolic activity after dosing with MC1RL-Ahx-DOTA:Ac MTT assay). A maximum
tolerated dose was examined in non-tumor bearing mice. At the time of this writing, efficacy
studies had begun to test the MC1RL-Ahx-DOTA:Ac compound against controls of injected
saline, the scrambled-MC1RL-Ahx-DOTA:Ac, and the cold lanthanum surrogate, MC1RL-Ahx-

DOTA:La.

Another test of the MC1RL-Ahx-DOTA:Ac compound was the determination of
biodistribution in tumor bearing mice. Work done by Dr. Tafreshi in the Morse group alongside
the medical physicists in the Small Animal Imaging Laboratory (SAIL) at Moffitt produced the
biodistribution (BD) graph in Figure 7. This data was gathered by counting gamma ray emission

from actinium and radiodecay products in the listed organs and tumors. A valuable output from
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this study is the differential uptake in tumors expressing either high or low levels of engineered
MCIR. Tumors with higher levels of receptor expression were shown to have substantially more

uptake of targeting ligand.
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Figure 2.7. Biodistribution of MCI1RL-Ahx-DOTA:Ac in tumor bearing mice. BD experiments
performed by Drs. Tafreshi and Budzevich.

Another striking feature of this BD study was the amount of actinium uptake in the
metabolic organs. Both the liver and kidneys showed increased uptake over the other tissues. Liver
uptake was of special concern since it had the highest uptake of any tissue, tumor-bearing or not.
Tolerable doses of hepatic and renal radiation, particularly to patients receiving treatment for
potentially fatal diseases, is currently unknown. However, a medicinal chemistry solution to this

off-target uptake would be particularly helpful.
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Figure 2.8. Structure of MC1RLIR800CW.”

A previous version of MC1RL with a fluorescent dye payload was published in 2012 by
collaboration of the Morse and Vagner groups at the University of Arizona.”” The compound
(shown in Figure 2.8) reported in this publication featured and IRSOOCW fluorescent dye coupled
to the same binding sequence used in our MC1RL. This dye includes 4 sulfonate functional

groups appended to its structure to aide in the solubility of the hydrophobic dye. Importantly, this
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targeted imaging agent was shown to target MC1R expressing tumors in mice while avoiding

hepatic uptake.

2.2.4. Biodistribution Modulation

Surveying the differences in the MC1RL targeting ligands with DOTA and with the
IR800CW dye (Figure 2.8), a disparity in lipophilicity is perceived. The fluorescent dye payload
should have a negative-three formal charge at physiological pH. In contrast, all of our DOTA
compounds with complexed metals should retain neutral payloads at physiologic pH. Therefore a
hypothesis was put forward that altering the lipophilicity of the MCIRL payloads could attenuate

uptake in off-target organs such as the liver.

To this end, several MC1RL DOTA analogs were synthesized. The plan for this medicinal
chemistry project was that hydrophilic linkers could be designed to tether the DOTA payload by
either eliminating the 6-aminohexanoic acid linker or by adding ionizable groups, analogous to the
sulfonates in the IRSOOCW compound. Then the lipophilicity of the new constructs could be
measured using conventional experimental methods. Finally the MC1RL analogs could be
complexed with radionuclides suitable for imaging, and the in vivo distribution of these new

compounds could be determined.

Three new compounds were prepared for this study with the help of Dr. Hyunjoo Kil and
are depicted in Figure 2.9. The first analog was the result of simply omitting the 6-aminohexanoic
acid linker. By eliminating this original linker between MC1RL and DOTA, the aim was to

increase hydrophilicity by reducing the number of methylene groups. Two other compounds were
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designed with either two glutamate residues or two lysine residues in place of the aminohexanoic
acid linker. These residues would each impart 2 formal charges to the MC1IRL payload at
physiologic pH while maintaining a similar linear spacing of atoms between the targeting ligand
the DOTA. The inserted amino acids were included as the D- configuration to help promote

proteolytic stability.
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Figure 2.9. MC1RL analogs synthesized to modulate lipophilicity.

With the new MC1RL compounds synthesized, the next step was to test their respective
lipophilicities. A simple lipophilicity experiment was conducted by partitioning each individual
compound between PBS (pH 7.4) and octanol. Next the concentrations of ligand in each layer
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were determined from a LCMS/MS method and the LogD- , of each analog was calculated. A

graph of the results of these lipophilicity experiments is included as Figure 2.10.
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Figure 2.10. Graphical display of experimentally determined LogD;,for MC1RL analogs.
Compound MCIRLIR800CW was assayed for LogD,, in Tafreshi et al.”

Six MCIRL analogs were assayed for LogD-, in this study and plotted in Figure 2.10. The
MCI1RLIR800CW compound from Tafreshi et al”® is also listed with its value of -3.10 + 0.13.
Briefly, compounds with more negative values are understood to be more hydrophilic. The
impetus to create these analogs was to get close to the MC1RLIR800CW lipophilicity. Our
standard compound, Mc1RL-Ahx-DOTA, was measured at 2.02 + 0.07. Removing the 6-
aminohexanoic acid linker actually increased the lipophilicity to 1.79 + 0.03. Adding the di-
glutamate or di-lysine linkers resulted in compounds measured at-2.58 + 0.17 and -2.56 + 0.22

respectively. Interestingly, complexation of the cold surrogate lanthanum with MC1RL-Ahx-
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DOTA dropped the LogD; 4 over half a logarithm to -2.59 + 0.20. Extrapolating this change to

either the di-glutamate or di-lysine compounds would result in a compound with strikingly similar

lipophilicity to the MC1RL-IR800CW compound.

Next, two MCIRL analogs MC1RL-Ahx-DOTA and MC1RL-diDGlu-DOTA) were
complexed with indium-111 in order to determine their biodistribution in mice by SPECT
imaging. Reference compounds with natural abundance In-113 were complexed in 100 mM
sodium acetate (pH 5.55) with heating to 70 °C. These reference compounds were used by Dr.
Haibin Tian’s Radiochemistry lab in the complexation of the same precursor MC1RL compounds
with ‘hot” indium-111. The protocol for the hot synthesis was modified by using 100 mM HEPES
buffer (pH 5.5) to reduce the competition of the cadmium daughter product.”® These radiolabeled

compounds were again tested by Drs. Tafreshi and Budzevich in the small animal imaging lab at

Moffitt.

Figure 2.11 shows the biodistribution in mice of two MC1RL analogs from their SPECT
images. The distribution of the peptide with the 6-aminohexanoic acid linker (left) has the highest
absorption by the liver, with kidney uptake as the second highest organ. Other organs accounted
for very little intensity. By changing the linker from Ahx to the two D-glutamate residues, the
distribution between the liver and kidneys flip-flopped. The MC1RL-diDGlu-DOTA:In
compound (Figure 2.11, right) had the highest uptake in the kidneys and very little uptake in the
other organs, including the liver. This remarkable result correlates well with the prediction from
the lipophilicity studies. In essence, by including a linker that decreased lipophilicity, the
compound behaved like previously published analogs that were initially observed to avoid liver

uptake.
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Figure 2.11. Biodistribution of indium-111 labeled MC1RL analogs.

2.2.5 Constrained MC1RL Variants

Constraining peptide ligand conformation is a practice that has long been used to
investigate structure-activity relationships, probe the relationship of agonists and antagonists,
increase proteolytic stability, and enhance potency. Due to the degree of flexibility and permissible
dihedral angles, unrestrained peptide sequences can sample a large amount of chemical space.”
Macrocyclization and the introduction of bulky amino acid monomers may result in rigidifying the
peptide ligand backbone.”®* When properly screened, a rigid conformer may be found with
increased affinity for its target since it has less chemical space to sample for the most correct
conformations.”®' These more rigid structures also typically exhibit qualities of increased
proteolytic stability and increased circulatory half-lives due to their ability to appear less peptide-

like to proteolytic enzymes.

The evolution of constrained melanotropin analogs dates back to the 1980s when Tomi
Sawyer et al. published their work constraining an analog of o-MSH.* Their new peptide was the
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result of two point mutations (p.M4C and p.G10C) in the endogenous tridecapeptide sequence,
Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-CONH2. These isosteric substitutions
allowed for oxidative macrocyclization through disulfide formation. The resulting constrained
peptide was termed [half-Cys* half-Cys'°Jo. -MSH and is shown in Figure 2.12. The blue section of
this peptide is the so-called ‘message sequence,” responsible for binding to the melanocortin

receptor.

N
j./,,//OH \:/[(N NH,
/& H,N
O

Figure 2.12. Structure of [half-Cys* half-Cys'’Ja. -MSH.*

The authors of this paper based their rationale for constraining the linear peptide around
their previous discovery of the effect of a D-phenylalanine substitution on the native L-
phenylalanine in position-7. This point mutation was suggested to stabilize a reverse f-turn in the

message sequence.’’ Substituting in the D-configured amino acid in the linear message sequence
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resulted in 10,000 times more potency in their frog skin activity assay. However this compound

lacked the necessary selectivity for the MCIR.

Continued research by the same group, and under the direction of Dr. Victor Hruby, led
them to another cyclic peptidomimetic named melanotan-Il (MT-II).**** This melanotropin analog
was constrained by a lactam bridge and maintained the critical ‘message sequence’ pharmacophore
from a-MSH (see Figure 2.13). This compound went to phase I clinical trials under the claim that
it would darken skin pigmentation in an effort to avoid melanomas. However, due to selectivity

issues for other isoforms of melanocortin receptor, it was never approved for human use beyond

its clinical trial.
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Figure 2.13. Structure of MT-II (melanotan-II).”**

The current research with constrained melanotropins took these previous macrocyclic
peptidomimetics into consideration, and expanded upon previous lab member’s work of creating
B-hairpin turn peptides. A goal of this work was to develop a more stable ligand, and possibly an

antagonist. The conceptualization of our design is shown in Scheme 2.3. The scheme is color
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coded to guide the viewer through the thought process of bending the peptidomimetic backbone
around the f-turn promoted by the D-phenylalanine. The other elements from our MC1RL
‘message sequence’ remain present through the turn, which is held together both through
hydrogen bonding of the antiparallel B-sheet-like motif and a D-proline inspired turn on the

opposite side.

HN NH H \H HN NH - NH
NH, NHR; NH,

Scheme 2.3. Constraining linear MC1RL around the turn promotion region.

Since the 4-phenylbutyric acid was shown to be important for selectivity,"*'* it was
envisioned that a phenylalanine homolog could be incorporated to both maintain the phenyl ring

and allow for the new amide bond necessary for head-to-tail macrocyclization. However the new
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amino acid would set another chiral center and the correct epimer would have to be determined.
The phenylalanine homolog would also introduce the opportunity to tune the number of
methylene groups between the N-terminus and the phenyl ring. As such, structure-activity
relationships were compared from the inclusion of four homologs: D- and L- homophenylalanine
and phenylalanine. The macrocycles were closed through a C-terminal D-proline which formed an

amide bond with the N-terminal phenylalanine homolog.

Scheme 2.4 lays out the synthesis of each constrained MCIRL analog. Product loss to
diketopiperizine formation was observed with proline-loaded Wang resin as solid support. The
bulkier chlorotrityl resin was substituted. Conventional N“Fmoc strategy SPPS with HCTU
activation was employed to couple D-Pro, Trp(Boc), Arg(Pbf), D-Phe, and His(Trt). At this step in
the synthesis the resin was split four ways to allow for the variable position of either D- or L-

homophenylalanine or phenylalanine.

Finally each of the four resin-bound variants were split to accommodate linear and cyclic
variations of each ligand. Resin for the linear products was cleaved with a cocktail of TFA, TIS,
and H,O (95:2.5:2.5, v/v). Resin for cyclization was cleaved from solid support with protecting
groups intact by AcCOH:TFE:DCM (2:2:6 v/v). By maintaining the protecting groups on this
subset of analogs, a solution phase cyclization step was done through propylphosphonic anhydride

(T3P) condensation. Finally the protecting groups were removed by treatment with TFA cocktail.

The eight MC1RL variants were completed and sent to Dr. Tafreshi in the Morse group to
determine binding affinity and functionality. Figure 2.14 lists a table (C) comparing the results
from these assays. All compounds were synthesized in acceptable crude yields (32-84%) and the

mass spectra confirmed their identities. The compounds with the tightest binding affinity for the
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MCIR were the analogs with Lhomophenylalanine. Both the linear and cyclic analogs with this

amino acid achieved single digit binding affinity, K; of 2.2 nM and 6.5 nM respectively.

H
N
O 1) Couple Fmoc-D-pro-OH j(\NHz 0
Cl

2) a) Remove Fmoc, b) Couple Fmoc-trp(Boc)-OH cCo O Cl
cl O O 3) a) Remove Fmoc, b) Couple Fmoc-arg(be)-OH‘; NH '_‘| 0 0.0 O -
O 4) a) Remove Fmoc, b) Couple Fmoc-D-phe-OH o N\_)J\NS O
5) a) Remove Fmoc, b) Couple Fmoc-his(Trt)-OH N HJ 5 :
2-ChloroTrityl Resin &
NHPbf NBoc

1) Split Resin 4 ways

2)a) Remove Fmoc, b) Couple Distinguishing AA
3) Remove Fmoc

4) Split each resin for Linear and Cyclic versions

Cleavage: AcOH, TFE, DCM (2:2:6) / \3Ieavage: TFA, H20, TIS (95:2.5:2.5)
—N

= Linear Product
=N THN )/)

Ho 9
- Cyclization: T3P (2
/U\#;)—@ yclization (2eq), \[(\m
(."20 e} NH

DIEA (2.5eq), dry DCM B
B S —

o 0 AN NHop O cooH
NH | O co KWN\)L
RS . -
H . HN._N o}
HN. N o he e
& NHPbf
NH, M NBoc

Cyclic Product

Scheme 2.4. Constrained MC1RL Synthesis.

The lead compounds based on binding affinity were then put into a functional assay by Dr.
Tafreshi. In the first pass, compound B54 cyclic exhibited antagonistic behavior compared to the
controls and compounds B53 linear and cyclic. However, repeating the experiment yielded

ambiguous results. The activity directed by receptor binding of the constrained compounds

remains unknown.
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A i
PN = -
A) ™ fr A — 200 MLD-MC1R #45 [modified by Administrator] UV_vIS_1
v o AU WL 222
4 2. 20.472
~ ) / 175+ B)

50
25 J b 44670

° — -
Compound Crude Yield Mass (M+H)* K" Sequence
B43 i 739 889.5277 681 nM
inear 7% : pPro-Trp-Arg-DPhe-His-Phe
B43 cyclic 80% 871.5106 300 nM
B52 i 849 889.5160 281 nM
inear % n pPro-Trp-Arg-DPhe-His- Phe
B52 cyclic 32% 871.5023 94.5 nM
B53 i 749 903.5170 2.2nM
inear 7 : pPro-Trp-Arg-DPhe-His-HomoPhe
B53 cyclic 62% 885.5042 6.5 nM
1 0,
B54 linear 61% 903.5021 91 nM ,Pro-Trp-Arg-DPhe-His-,HomoPhe
B54 cyclic 66% 885.4887 35.7nM

Figure 2.14. Summary of constrained MC1RL compounds. A) Generalized structure of
constrained MC1RLs. The blue line denotes the amide bond present in the fully cyclic structure or
where the macrocyclic ring would be open for the linear variants. The red circle shows a generic
phenylalanine homolog. B) Representative HPLC chromatogram of cyclic MC1RL. C) Table of
synthesized compounds listing yields, mass spectral summaries, binding affinities, and sequence
information.

2.3 Conclusions

The melanocortin-1 receptor is a valuable cell-surface marker which characterizes a large
percentage of uveal and cutaneous melanomas. This protein receptor can be successfully targeted
with peptidomimetics derived from the endogenous peptide hormone, o-MSH. Further

manipulations of the peptidomimetic have resulted in peptide ligands with high binding affinity
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and selectivity, which can be altered to carry payloads of metal chelating molecules. By taking
advantage of various radioactive elements in these peptide ligand complexes, companion imaging

and therapeutic peptide targeting ligands have been synthesized.

Complexes of targeting ligands with lanthanum-139, gallium-67/69, and indium-113 have
been synthesized which can act as surrogates to help inform about physiochemical behavior of
their radioactive complements. Radioactive indium-111 has been successfully complexed to track
the biodistribution of compounds through SPECT imaging. Further peptidomimetics have been
constructed, and also take advantage of SPECT, to explore the connection of linker lipophilicity
with biodistribution. These analogs have successfully altered metabolic organ uptake. Finally,
actinium-225 complexes of peptide targeting ligands have demonstrated the successes of TAT
therapy. Initial efficacy studies showed a complete tumor loss in 22% of treated animals, which
resulted in significantly longer survival. When compared with analogous TAT using antibodies,
the peptide-based targeting ligands result in a more proper balance of radioactive half-life,

pharmacokinetics, and biodistribution of the therapeutic agent.

In addition to the linear MC1RLs, constrained peptidomimetics have also been
synthesized. These new constructs retain the high binding affinity for the MCI1R and may serve as
antagonists. A true antagonistic melanotropin would be the first of its kind. This type of molecule
could be used as a dedicated imaging agent or otherwise where receptor activation and
internalization could result in deleterious effects. Further work on this class of cyclic
melanotropin analogs is necessary to add tethers for payload attachment but the proof of concept

for these compounds is promising.
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2.4 Experimental

2.4.1 Materials and Instrumentation

All purchased solvents and reagents were obtained at ACS grade or higher purity level and
used without further purification unless specified otherwise. Peptide coupling reagents and amino
acids were obtained from either Chem-Impex, Novabiochem or Advanced ChemTech. Distilled
NMP (99.96%) was purchased from Chem-Impex. Tentagel Resin was obtained from Rapp
Polymere. HPLC grade Acetonitrile was purchased from or Fisher was used for HPLC and de-

ionized water was processed by Millipore Milli-Q water purifier for HPLC.

Amino acids with the following configurations were purchased from ChemImpex: Fmoc-
Lys(Alloc)-OH, Fmoc-Gly-OH, Fmoc-Arg(Pbf)-OH, Fmoc-D-Phe-OH, Fmoc-His(Trt)-OH, and
Fmoc-6-Aminohexanoic Acid. CDN Isotopes provided the Fmoc-D-Phe(D5)-OH. Tri-t-butyl-
protected DOTA (1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic Acid) was purchased from
TCI America (Portland, Oregon). DTPA (diethylenetriaminepentaacetic acid), bought as the

dianhydride (DTPAA), and 4-phenylbutyric acid was purchased from Sigma-Aldrich.

A Varian solvent delivery module with Dionex UVD340U diode array detector was used
for preparative HPLC chromatography. Analytical scale HPLC was performed using either a
Dionex P680 system or an Agilent 1200 system, both with quaternary pumps, autosamplers, and
diode array detectors. Mass spectral analysis was performed with either Agilent 6540 QTOF with
dual Jet-Stream ESI source coupled to Agilent 1260 Infinity HPLC, Agilent 6460 QQQ with Jet-
Stream ESI source coupled to Agilent 1260 Infinity HPLC, Agilent LC/MSD VL single

quadrupole with Agilent 1100 series HPLC, or Applied Biosystem 4700 MALDI-TOE-TOF
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proteomics analyzer with 355nm Nd:YAG laser. Peptides were lyophilized on a Labconco Freeze

Dry/Shell Freeze System.

2.4.2 Experimental Procedures

2.4.2.1 Linear MC1RL Synthesis. MC1RL peptide was synthesized according to
conventional N“Fmoc peptide synthesis strategy using HCTU/NMM or DCC for monomer
activation and coupling (Scheme 1). A glass-fritted peptide reaction vessel was charged with 2 g
TentaGel Rink amide resin (0.23 mmol/g, 0.46 mmol) and swollen with DCM (2x 20 mL)
followed by NMP (3x 20 mL). The resin was agitated by bubbling with N, gas from the bottom
glass frit and drained from vacuum filtration on the frit. Next the resin-bound Fmoc was
deprotected with a mixture of 20% piperidine, 2% DBU in NMP (15 mL, 15 min, 2x). Following
deprotection, the resin wash step was accomplished through resin agitation followed by complete
drainage with a sequence of washes: NMP (15 mL, 3x), DCM (15 mL, 3x), and NMP (15 mL, 3x).
Next the preactivated amino acid monomer was incorporated as the HCTU ester. The first amino
acid, Fmoc-Lys(Alloc)-OH (5 eq) was weighed into a flask with HCTU (5 eq), NMM (15 eq) and
dissolved to 0.2 M in NMP. This coupling cocktail was allowed to preactivate at rt for 10 min, and
was then added to the resin for coupling with agitation for 1 h. After coupling, the resin was
drained, washed as before, and assayed for reaction completeness by Kaiser test. The cycle of Fmoc
deprotection, washing and coupling was repeated with Fmoc-Gly-OH, Fmoc-Trp(Boc)-OH, Fmoc-
Arg(Pbf)-OH, Fmoc-D-Phe-OH, Fmoc-His(Trt)-OH, and capped with 4-phenylbutyric acid.
Qualitative Kaiser assay at the Trp, Arg, and Phe positions revealed incomplete coupling so an

additional step of preparing the symmetric anhydride with the amino acid (4 eq) and DCC (2 eq)
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was performed by warming (40 °C) the monomer/DCC in DCM for 30 min. The urea byproduct
was filtered from the anhydride and filtrate added directly to the already bubbling (10 mL NMP)

resin. This coupling reaction was allowed to proceed for an additional hour.

Other linear MC1RL analogs were synthesized by analogous technique, substituting the
appropriate amino acid acids in the proper order. For instance, the scrambled sequence
(synthesized by Dr. Hyunjoo Kil) incorporated monomers in the following order: Fmoc-Lys(Alloc)-
OH, Fmoc-D-Phe-OH, Fmoc-Arg(Pbf)-OH, Fmoc-His(Trt)-OH, Fmoc-Gly-OH, Fmoc-Trp(Boc)-OH,
4-phenylbutryic acid. Another MC1RL analog with 5 deuteriums was synthesized by substituting
Fmoc-D-Phe(D5)-OH. This analog was used as in internal standard for the QQQ mass

spectroscopy measurements.

2.4.2.2 Alloc Deprotection. After completion of the linear portion of the targeting ligand,
the molecule was branched from its C-terminal lysine by deprotection of the orthogonal Alloc
group on the e-amine. The resin was bubbled in DCM (15 mL) with catalytic Pd(0)(PPhs), (5
mol%) and 5 drops of piperidine for 1 hour. Kaiser test and a small test cleavage for MALDI-TOF
confirmed the complete deprotection. Resin washes followed in the typical procedure after washes

(15 mL, 2x) with 5 mol% sodium diethyldithiocarbamate in NMP and 10% DIEA.

2.4.2.3 Peptide Branching, Linkers, and Payloads. After alloc deprotection, payloads were
coupled at the C-terminus through the free e-amine. When linkers such as Fmoc-6-aminohexanoic

acid (Ahx), di-Fmoc-D-Lys(Boc)-OH, and di-Fmoc-D-Glu(OtBu)-OH were incorporated, they were
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added using typical cycles of washing, Fmoc deprotection, and coupling (5 eq monomer, 5 eq

HCTU, 15 eq NMM in NMP).

Payloads such as DOTA and 4-fluorobenzoic acid (FBA, a reference compound prepared
for use in the radiochemistry lab) were also coupled with typical preactivation (5 eq monomer, 5 eq
HCTU, 15 eq NMM in NMP). Diethylenetriaminepentaacetic dianhydride (DTPAA) was coupled
by acyl chloride activation with triphosgene. Triphosgene (bis(trichloromethyl) carbonate (211 mg,
0.712 mmol)) and DTPAA (763 mg, 2.14 mmol) were weighed into a scintillation vial. DIEA
(0.75 mL, 4.3 mmol) and 10 mL of NMP were and added to the scintillation vial and the
preactivation reaction was shaken for 30 minutes before being added to the peptide reaction
vessel. The coupling reaction was agitated for 2 hours, drained and washed with the following
solvents (15 mL each): NMP, THF, 20% THF (aq.), 10% DIEA/10 % H,O in THF, 20% THF

(aq.), THF, DCM.*

2.4.2.4 Peptide Cleavage, Lyophilization, and Purification. Following the completion of
peptide synthesis, resin was washed with DCM (15 mL, 2x) and dried under a stream of N, gas.
The dried resin was agitated with cleavage cocktail (10 mL/g resin) of TFA, diH,O, TIS
(95:2.5:2.5, v/v) for 3 hours at rt. The acid was filtered from the resin, reduced to a thick oil
under a stream of N,, and precipitated with 20 mL ice cold diethyl ether. The precipitate was
centrifuged for 5 minutes at 4,000 rpm and the ether was decanted. Ten milliliters of cold ether
was added to the crude peptide precipitate and the slurry was again spun and decanted twice more.
Finally the crude peptide pellet was reconstituted in H,O, frozen and lyophilized to yield off-white,

crude powder.
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Crude peptide was characterized by analytical scale HPLC utilizing an AAPPTEC Spirit
Peptide column (C18, 5um, 25x0.46cm). UV detection was monitored at 222 nm and 254 nm.
Mobile phase (A: H,O + 0.1 % TFA, B: ACN + 0.1 % TFA) was pumped 1 mL/min with the
following gradient: 2 % B for 3 min to load the samples then 20-40 % B over 20 min, then the
column was washed at 95 % and re-equilibrated at 2 % B for the next HPLC experiment.

For purification, crude peptide was chromatographed on an AAPPTEC Spirit Peptide 120
column (C18, 5 um 25x2.12 cm). The UV detection was monitored at 222 nm. Mobile phase (A:
H,O + 0.1 % TFA, B: ACN + 0.1 % TFA) was pumped at 15 mL/min with the following gradient:
5 % B for 10 min to load the samples followed by a linear gradient of 20-25 % B over 50 min for
separation. Fractions were collected by hand, analyzed by both analytical HPLC and MALDI-TOF.

Fractions with purity greater than 95 % were pooled, frozen and lyophilized.

2.4.2.5 Mass Spectrometry Characterization: MALDI-TOF and QToF. MALDI -TOF and
-TOF/TOF experiments were used to analyze both crude and pure peptides. Samples were
premixed 1:1 (v/v) with a saturated solution of a-cyano-4-hydroxycinnamic acid and then 500 nL
was spotted on the MALDI plate. Unless otherwise specified, the instrument was run in positive,

reflective mode. For MS/MS experiments Precursor ions were selected after analysis of reflective-

mode TOF measurement from 1000-2000 m/z.

For QToF characterization of purified peptides, the samples were introduced to the mass
spectrometer as a direct infusion from the HPLC. The instrument was set to high resolution
mode in extended dynamic range. Typically, only positive polarity was measured. Real-time

reference masses were infused in the second nebulizer during the acquisition.
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Figure 2.15. QToF analysis of gallium-chelated MC1RL-Ahx-DOTA. The main spectrum shows
the m/z range from 300-1800, covering the M+ H", 2H", and 3H" species. The inset spectrum
highlights the isotope window around the M+H" species.
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Figure 2.16. QToF analysis of lanthanum-chelated MC1RL-Ahx-DOTA. The main spectrum
shows the m/z range from 400-2000, covering the M+ H", 2H", and 3H" species. The inset
spectrum highlights the isotope window around the M+H" species.

For QToF characterization of purified peptides, the samples were introduced to the mass
spectrometer as a direct infusion from the HPLC. The instrument was set to high resolution
mode in extended dynamic range. Typically, only positive polarity was measured. Real-time

reference masses were infused in the second nebulizer during the acquisition.

Figures 2.15 and 2.16 are representative QToF specta for both the gallium-chelated and
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isotope pattern (showing both predicted intensity and spacing), and the black lines are the actual
subtracted, centroid measurements. The M+H" measurement for Ga-peptide of 1542.6936 m/z is -
3.6 ppm (calculated m/z: 1542.6991). The M+H" measurement for La-peptide of 1610.6628 m/% is
9.6 ppm (calculated m/z: 1610.6783). No un-chelated peptide was detected by QToF in ether Ga-
or La- complexed samples. Mass spectral measurements for the other compounds are listed in

Table 2.2 and spectra are shown in the appendix.

2.4.2.6 Metal Chelation

2.4.2.6.1 Europium chelation. Peptide with DTPA ligand was dissolved in slightly basic
ammonium acetate buffer (pH 8) to form the tetra-carboxylate compounds. Three equivalents of
europium chloride hexahydrate were added and the resulting clear and colorless solution was
stirred at rt. It was anticipated that the degree of chelation could be monitored by analytical
HPLC, so aliquots were taken at time zero (before Eu), 16 h, and 40 h and chromatographed on
the pH 6 HPLC method (A: H20 + 0.1 % TEA/AcOH, B: 90 % ACN 10 % phase A adjusted to
pH 6 with AcOH). No shift in retention time was noticed but the m/z corresponding to Eu
chelated product was shown on QTOF LCMS without any starting peptide. The peptide solution
was subsequently frozen and lyophilized. = The resulting powder was passed through the
preparative HPLC system once more under the pH 6 method and the product peaks were

lyophilized to yield the final product.
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2.4.2.6.2 Gallium-67/69 and lanthanum-139 chelation. MCIRL-Peptide with DOTA was
dissolved in 0.1 M ammonium acetate (pH 8) at 5 mg/mL to form the tri-carboxylate compound.
Three equivalents of each metal (Gallium (III) Chloride or Lanthanum (III) Chloride) were added
and the resulting clear and colorless solution was stirred at room temperature. Reaction
monitoring of the chelation progress was done with the pH 6 HPLC method to avoid carboxylate

protonation and loss of chelation.

2.4.2.6.3 Indium-113 reference compounds. Peptides dissolved in 100 mM sodium acetate, pH
5.55 at 3 mg/mL. Three equivalents of InCI13*4H20 were added to each reaction and stirred at
70 °C. Reactions were monitored at 20 min by analytical HPLC, and all had complete shifts in
retention time by 5 min Finally 5 mM EDTA was added to each reaction and upon clearing the
reaction solutions were chromatographed on the semi-preparative HPLC system. Gradients of
acetonitrile and water with 0.1 % TFA were used to isolate the purified products which were

subsequently lyophilized to white powder.

2.4.2. 7 Constrained Peptide Synthesis. After drying overnight under high vacuum, 1 g of
2-chlorotrityl chloride resin (1 .49 mmol) was loaded with Fmoc-D-Pro-OH (1.5 eq) by mixing with
dry DCM (20 mL) and DIEA (6 eq). The resin was agitated by nitrogen bubbling at rt for 2 h.
Next the resin was washed 3x each with DCM/MeOH/DIEA (17:2:1, v/v), DCM, NMP, DCM

and the resin was dried under high vacuum overnight. The Fmoc- loading was measured by
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quantitative 290 nm absorbance measurements of dibenzofulvene upon microscale (1 mg resin)

deprotection with 20% piperidine in DMF. Loading was calculated to be 0.32 mmol/g.

The following amino acids were coupled with the same SPPS strategy as outlined in the
linear MC1RL section: Fmoc-Trp(Boc)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-D-Phe-OH, Fmoc-His(Trt)-
OH. At this stage the resin was spit to four equal portions. Each portion had a distinguishing
phenylalanine homolog coupled. The monomers Fmoc-Phe-OH, Fmoc-D-Phe-OH, Fmoc-

HomoPhe-OH, and Fmoc-D-HomoPhe-OH were used as homologs.

Each of the four portions of resin was split once more to produce the linear and cyclic
variants. The linear peptides were cleaved in the usual manner with a cocktail of TEA, H,O, TIS
(95:2.5:2.5 v/v), precipitated in cold diethyl ether, and lyophilized. The remaining resin had its
peptide cleaved from solid support with AcOH, TFE, DCM (2:2:6) for 2 h at rt. The mixture was
filtered and reduced in vacuo, yielding thin yellow oil. The compounds were then cyclized by
dissolving the oil in dry DCM with DIEA (2.5 eq) and 2 equivalents of propylphosphonic
anhydride (50 % in methyl THF). The cyclization reactions were mixed by mechanical stirring
overnight under dry N, gas. The reactions were quenched with 10 mL H,O, and the organic layer
separated and reduced under vacuum. Finally the cyclized peptides had protecting groups removed

by treatment with TFA cocktail and worked up in the usual manner.

2.4.2.8 Lipophilicity Measurements. Prior to performing the lipophilicity experiments, a
triple quadrupole MRM method was developed to measure unknown quantities of MC1RL

analogs with high specificity and sensitivity. The method used M+3H" charge state precursor ions
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for all analogs (examples shown in Figures 2.15 and 2.16). Two transitions for each analog were
monitored and optimized in the MRM method. Figure 2.17 depicts the structure of the MC1RL-
Ahx-DOTA:La transitions. Since the transitions are characteristic of each peptide structure, each
method was specific for the particular analog. The most abundant product ion observed was the
result of histidine side cleavage yielding the imidazole immonium ion (m/z = 110). A second
highly abundant, and very specific, product ion was the two charge state immonium product of a
b-type amide bond cleavage.”® An example of a product ion scan for MC1RL-Ahx-DOTA:La is

shown in Figure 2.18.
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Figure 2.17. MRM transitions developed for MC1R-Ahx-DOTA:La.
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Figure 2.18. Product ion scan for MC1RL-Ahx-DOTA:La with precursor selected as 537.55 m/z.

Once the transitions had been mapped, they were optimized to produce the highest
abundances possible. Fragmentor voltages were ramped from 50-225 V while monitoring the
relative abundance of precursor ions. Analogously, collision energies were ramped 5-70 eV and the
corresponding product ions were recorded. Figure 2.19 shows the results of these optimization

experiments.

Next, a standard curve for each peptide was created. Stock solutions were serially diluted
from 25 pM to 8 nM and run through the method. Ten microliters of each standard was
chromatographed by linear gradient of acetonitrile and water with 0.1 % FA. The eluent was fed to
the mass spectrometer where the MRM method summed the specified transitions for each peptide.
The transitions for each concentration point were summed, plotted, and a linear regression fit to

the data to produce the standard curve for each compound.
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Figure 2.19. Fragmentor voltage (A) and collision energy (B) optimization experiments for the
MRM method.

After the standard curves were created, the miniature shake flask method was used to
determine the lipophilicity of each compound. Stock solutions of peptide (200 uM) in 25 mM, pH
7.4 phosphate buffer were prepared. Aliquots of the stock solutions were vortexed with three ratios
of n-octanol. The resulting emulsions were separated by centrifugation. Triplicate measurements

of ligand concentration in each layer were used to calculate a LogD- .
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CHAPTER THREE:
SYNTHESIS OF A TOLL-LIKE RECEPTOR 2 FLUORESCENT ANTAGONIST FOR USE

IN INTRAOPERATIVE GUIDED SURGERY

3.1 Introduction

While pancreatic cancer is not the most frequently diagnosed cancer (53,000 new cases in
2016, US figure), it is one of the most deadly with 1 and 5 year survival rates of only 29% and
7%." These low survival statistics are due in large part to poor diagnostic tools and a lack of
targeted therapies. Surgical resection remains one of the most effective options for early stage
treatment, but complete resection is often difficult due to local and distal metastases.” Further,

complete resection of the tumors, leaving clean margins have the best prognosis.’

Tolllike receptors are type 1 transmembrane glycoproteins of which there are greater than
10 isotypes known.* Toll-like Receptor 2 (TLR2) is endogenously expressed primarily on the
surface of immune cells, and has a role in the recognition of bacterial invaders.” The receptor
recognizes pathogen-associated molecular patterns (PAMPs) like those of the lipoprotein
components of bacterial cell walls. The molecular recognition of these ligands causes a
heterodimerization with either TLR1 or TLR6 which results in an intracellular signaling cascade.
An end product of TLR2 receptor activation is the release of proinflammatory cytokines,

commencing the host defense of the innate immune system.
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At the Moffitt Cancer Center, Dr. David Morse’s group has previously confirmed high
levels of expression of the receptor on pancreatic adenocarcinomas (70%) through tumor micro
arrays and immunohistochemical staining.’ The receptor was not found in normal pancreas
tissues. It was therefore determined that the receptor could be a valuable extracellular target of the
disease. In collaboration with researchers in Arizona, a fluorescently-labeled peptide probe for
TLR2 was developed.” This compound is shown in Figure 3.1. The main features include
dipalmitoylated cysteine, glycine, and D-serine in the pharmacophore, oligomeric PEG linkers
flanking the pharmacophore, and a near infrared fluorescent dye (IR 800CW) coupled to the
ligand’s N-terminus. Unfortunately the bioactivity of this agonist ligand was regarded as a liability

for its use as an imaging agent.
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Because of TLR2’s role in immune system signaling, it has become a target for
immunotherapy and anti-inflammatory therapy. Recently small molecule libraries and natural
product libraries have been screened in order to find inhibitors for TLR2.*"" Additionally, vaccine
adjuvants have been designed as TLR agonists to increase the potency of peptide vaccines.'” Other
studies have designed monoclonal antibodies to blockade TLR2 and have been shown to inhibit
several cancers including breast, lung, colorectal, head and neck squamous cell carcinomas.”
Finally, peptide-based agonists have been designed to mimic exogenous lipoproteins from
microbial cell walls through the inclusion of fatty acids.'*"> None of these reported peptide ligands
have been potent antagonists or have been conjugated with fluorescent dyes. However, SAR work
has been reported in which the simplification of the pharmacophore led to modulation of receptor
binding effects.'®"” From the review of these studies, a suggestion was made that a monoacylated
cysteine in the pharmacophore of the compound in Figure 3.1 might reduce its agonist activity,

rendering it more useful as an imaging probe.

An antagonist ligand with specificity for TLR2 and conjugated to fluorescent dye would be
a valuable imaging probe for pancreatic adenocarcinoma and could improve the surgical resection
of pancreatic tumors. Fitting with the central theme of our research, a peptide-based molecule
probe was desired. Our synthetic goals for the fluorescent probe were to further simplify the
binding motif and develop a cysteine-based monomer that could be easily incorporated into
conventional solid phase peptide synthesis. A strategy employing differentially acid-sensitive
protecting groups was developed to synthesize a monoacylated monomer with appropriately spaced

and oriented synthons as elucidated in previous SAR work.
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3.2 Results and Discussion

At the outset of this research project, the goal was to synthesize a monoacylated analog of a
previously reported TLR2 ligand with a customized fluorescent dye to match the filter set of the
imaging platform used by our collaborators. The peptide portion of molecule appeared amenable
to conventional solid phase peptide synthesis, while some of the non-canonical monomers would
have to be synthesized using organic chemistry techniques. Specifically the monoacylated L-cysteine
and the fluorescent dye each required separate synthesis and characterization prior to peptide

synthesis.

3.2.1 Fmoc-Cys(POE)-OH Synthesis

The amino acid monomer required for TLZRL synthesis was Fmoc-Cys(S-
[palmitoyloxyethyl])-OH (Fmoc-Cys(POE)-OH). A simple retrosynthetic scheme was devised for
this monomer and is shown in Scheme 3.1. The first disconnection would have resulted in two
synthons, a commercially available Fmoc-Cys-OH and a palmitate ester with a terminal leaving
group. The ester could further be disconnected to two other commercially available products:

palmitic acid and a 2-halogenated ethanol.

The palmitate ester was prepared in one step from either of two reactions. The schemes for
both reactions are shown in Scheme 3.1. In reaction (A), palmitoyl chloride was reacted with 2-
iodoethanol in DCM. In reaction (B), palmitic acid was condensed with 2-iodoethanol using

dicyclohexylcarbodiimide (DCC) and catalytic 4-dimethylaminopyridine (DMAP) in DCM. Both

products were purified by recrystallization and resulted in high yields. Reaction (A) was preferred
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for the synthesis of compound 3.1 because of the dicyclohexylurea was difficult remove from

reaction (B).

From the retrosynthetic analysis, the next step in the forward route was to combine
compound 3.1 with N%Fmoc protected L-Cysteine, which itself was prepared from treating Fmoc-
Cys(Trt)-OH with TFA. This substitution reaction was attempted by deprotonation of the
sulfhydryl on the cysteine and mixing with the palmitate ester, 3.1. Unfortunately, very little of the
correct sulfur alkylated product was observed by reaction monitoring with TLC and HPLC-MS.
The majority product observed (Figure 3.2) was the result of substitution with the dibenzofulvene
product of Fmoc deprotection. Many organic and inorganic bases were screened to find one that
would balance the deprotonation of the sulthydryl without removing the Fmoc protecting group.

Unfortunately none were found that could produce reasonable yields of the desired product.

o2 s
Saags G
L. = O YL

Fmoc-L-Cys-OH
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~""OH

O
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\/\OJ\(CHz)uCHa i o

HO” ~(CH2)14CHs
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Scheme 3.1. Retrosynthetic analysis of Fmoc-Cys(POE)-OH.
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Scheme 3.2. Synthesis of 2-iodoethyl palmatate 3.1.

Since the first approach to preparing Fmoc-Cys(POE)-OH failed due to the incompatibility
of the base labile Fmoc PG, an alternative scheme (Scheme 3.3) was devised with orthogonal PGs.
This scheme began with S-trityl protected L-cysteine and subsequently modified both the amino
and carboxylic acid functional groups with PGs sensitive to hydrogenolysis. Next the S-trityl group
was removed by treatment with TFA and compound 3.1 was substituted. Unfortunately the final
step of removing the carboxybenzyl (Cbz) and benzyl (Bn) PGs failed. This failure was likely due to

sulfur poisoning of the palladium catalyst. A Raney nickel catalyzed reduction was also attempted

but resulted in compound desulfurization.
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Scheme 3.3. Synthetic route for the preparation of Fmoc-Cys(POE)-OH via hydrogenolysis
sensitive PGs.

The next synthetic scheme made use of protecting groups that were differentially sensitive
to acid. Scheme 3.4 depicts the route starting from Boc-Cys(Trt)-OH. First the carboxylic acid was
esterified with t-butanol. Next the most acid-sensitive PG, S-trityl, was removed by treatment with
1% TFA in DCM at 0 °C. Next the substitution reaction was performed by stirring palmitate ester
3.1 with compound 3.3 and DIEA in peptide grade DMF at elevated temperature. The N-Boc
group was removed by treatment with 10% TFA in DCM at 0 °C, and an N-Fmoc group was

installed. Finally the OtBu ester was hydrolyzed in neat TFA to produce the final desired Fmoc-

Cys(POE)-OH, 3.6.
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(a) t-Butanol, DCC, DMAP, 97% (b) 1% TFA, DCM, TES, 0°C (c) DIEA, DMF, 80°C, (d) 10% TFA, DCM, 0°C
(e) Fmoc-Osu, DIEA, 70% (f) TFA

Scheme 3.4. Synthetic route for Fmoc-Cys(S-palmitoyloxyethyl])-OH, 3.6.

3.2.2 IR-780-COOH Synthesis

Many commercially available fluorescent dyes are tremendously expensive. For instance LI-
COR sells a fluorescent dye (IRDye® 800CW) similar to one used in this project for $1,990/50
mg. The precursor for our dye (IR780) was purchased from Sigma for $74/1 g. To incorporate the
dye into solid phase peptide synthesis (SPPS), a carboxylic acid was required. This functional group
was attached to the acquired dye through Suzuki coupling with 4-carboxyphenyl boronic acid

(Scheme 3.5). After silica gel chromatography, the purified dye was isolated in 56% yield.

69

www.manharaa.com




(a) 4-CarboxyPhenyl Boronic Acid, K,COg3, pd(PPhs)4, Refluxing MeOH/H,0

Scheme 3.5. Synthetic route for conjugated IR780 dye.

3.2.3 TLR2L Peptide Synthesis

Peptide synthesis was according to Scheme 3.6. TentaGel Rink amide resin (0.15 g, 0.036
mmol) was used as solid support and all amino acids were coupled using conventional N*
Fmoc/tBu SPPS strategy and HCTU/NMM activation. An Fmoc-protected oligomeric PEG linker
acid called PEGO was incorporated before and after the short pharmacophore (DSer-Gly-
Cys(POE)) to help solubilize the final lipopeptide. After the completion of synthesis, the product
was cleaved from resin using TFA cocktail. Instead of typical ether precipitation, the blue-green
acid filtrate was reduced in vacuo and reconstituted in MeOH prior to HPLC purification. After

purification and lyophilization, 33.4 mg (0.01753 mmol, 49%) of blue-green product was isolated.
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Scheme 3.6. SPPS strategy used for TL2RL-780.

3.2.4 TLR2L Characterization

1) a) Remove Fmoc, b) Couple 4 eq Fmoc-PEGO-OH, 4 eq HCTU, 15 eq NMM

2) a) Remove Fmoc, b) Couple 4 €q Fmoc-D-Ser(Trt)-OH, , 4 eq HCTU, 15 eq NMM
3) a) Remove Fmoc, b) Couple 4 eq Fmoc-Gly-OH, 4 eq HCTU, 15 eq NMM

4) a) Remove Fmoc, b) Couple 4 eq Fmoc-Cys(POE)-OH, 4 eq HCTU

5) a) Remove Fmoc, b) Couple 4 eq Fmoc-PEGO-OH, 4 eq HCTU, 15 eq NMM

6) a) Remove Fmoc, b) Couple 4 eq IR7g-COOH, 4 eq HCTU, 15 eq NMM

TLR2L-780

3.2.4.1 Product Purity and Identification. Figure 3.3 depicts the HPLC chromatogram of

purified TLR2L-780 peptide. The purity of the compound was measured as a percentage of the

total area under the curve of the HPLC trace. Purity was recorded as 96.4% with a retention time

of 25.2 min. The peptide was also analyzed by MALDI-TOF; M was recorded as 1790.0989 (exp.

1790.0716).
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Figure 3.3. HPLC chromatogram of purified TLR2L-780. UV absorbance was monitored at 222
nm (red) and 300 nm (blue).
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Figure 3.4. Optical characterization of IR780-COOH (3.7) and TLR2Li-780. Boxes A and C
show absorbance and fluorescence emission spectra for IR780-COOH, 3.7, respectively. Boxes B
and D show absorbance and fluorescence emission spectra for TLR2LI-780. Experiment and

figure done with Dr. Allison Cohen (Morse Lab).
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3.2.4.2 Optical Characterization. Both the IR780-COOH dye (3.7) and TLR2L-780
peptide were subjected to optical testing measuring both absorbance and fluorescence emission.
Figure 3.4 shows the spectra recorded from these experiments. The Stokes shift of the peptide
increased from the 32 nm of compound 3.7 to 40 nm. This shift is beneficial for imaging as a
larger Stoke reduces the signal to noise due to the smaller overlap in emissions and absorption.

This characteristic also has the effect of lessening photo quenching of the dye.

3.2.4.3 Lipophilicity Measurement. The lipophilicity of TLR2L-780 was determined by
miniaturized shake flask method using an HPLC-triple quadruple-mass spectrometry for
determining ligand concentrations, as was done in Chapter 2. The phosphate buffered solution
was buffered to physiologic pH and the LogD,, was measured as 2.05 + 0.17. This measurement of

ligand lipophilicity is indicative of a compound with low aqueous solubility.

3.2.5 Biological Testing

The final fluorescent dye-conjugated peptidomimetic was tested by our collaborators in Dr.
David Morse’s group at the Moffitt Cancer Center. Amanda S. Huynh was the lead scientist for
these experiments. First the compound was tested for in cyto binding affinity on a pancreatic
tumor cell line with endogenous TLR2 surface expression (19,300 per cell). The binding affinity

was measured using a time-resolved fluorescence (TRF) competition assay.'® Figure 3.5 shows the

binding curve, K= 16 + 1.4 nM, R*= 0.85, n=3.
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Figure 3.5. Competition binding assay SU.86.86 pancreatic tumor cells with endogenous TLR2
expression (n=3, R’=0.90). Experiment and figure done by Amanda S. Huynh.
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Figure 3.6. Functional bioassay measuring downstream signaling of TLR2 upon treatment with
listed compound. Experiment and figure done by Amanda S. Huynh.
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Next the Moffitt team tested the TLR2L-780 peptide in a bioactivity functional assay. The
compound was shown to inhibit receptor activity compared to the control agonists (Pam,CSK,,
Pam;CSK,, HKLM) shown in Figure 3.6. The group’s previously reported diacyl TLR2L-800
compound (Figure 3.1)" was also tested in this experiment and demonstrated comparable activity
to the controls. The ICs, of the new compound was measured at 361 nM. Further in vitro
experiments were carried out to determine TLR2L-780 selectivity for the TLR2. No agonistic
activity was observed in human TLR3, TLR4, TLR5, TLR7, TLR8 or TLR9. Additionally, no
inhibition of stimulation was measured for on the human TLR3, TLR5, TLR7, TLR8 or TLR9

receptors.
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Figure. 3.7. In vivo and ex vivo near infrared (NIRF) guided imaging using TLR2L-780. A)
Snapshot of real-time intraoperative fluorescence guided imagery of orthotopic pancreatic tumor.
B) Ex vivo NIRF image of excised tumor. C) Pre-operative and post-operative (D) tomographic
images of NIRF guided surgery. Experiment performed by Amanda S. Huynh.
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Finally the Moffitt Team tested the TLR2L-780 peptide for in vivo tumor binding and in
an intraoperative fluorescence guided surgery. Figure 3.7 highlights these experiments. The
fluorescently labeled peptide ligand is shown to bind an orthotopic SU.86.86 pancreatic tumor
(Figure 3.7, A). During a real-time image guided surgery the injected fluorescent peptide probe
enabled the surgeon to remove the tumor cleanly at its margins. Figure 3.7, box C shows
tomographic imagery of the tumor in place pre-surgery and box D shows complete resection of the

tumor post-surgery.

3.3 Conclusions

A new toll-like receptor 2 binding peptide was designed and synthesized based upon
structural modification of a previously reported agonist peptides. A synthetic scheme was
developed to produce the cysteine-based monomer used in the ligand’s pharmacophore.
Additionally, a fluorescent tag with was designed and synthesized. Conventional peptide synthesis

was used to prepare the final peptide-dye conjugate in good yields.

The new fluorescently labeled peptide targeting ligand was tested for biological function by
our collaborators in the Moffitt Cancer Center. It was determined to be a highly selective ligand
for human TLR2 with higher binding affinity than the diacyl version previously reported. The
result of exchanging the diacyl-cysteine monomer with the new cysteine-palmitate ester and the IR-
780 dye completely abrogated the biological effect seen in all previously reported TLR2 lipopeptide
ligands. The novel antagonist, TLR2L-780, is the most potent TLR2 inhibitor reported to date and

the only TLR2 antagonist-based fluorescence imaging probe. Finally the new imaging probe was
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used in an intraoperative guided surgery and the orthotopic tumor was cleanly resected with

guidance from the new probe.

3.4 Experimental
3.4.1 Materials and Instrumentation

N®%Fmoc protected amino acids, and peptide synthesis reagents were purchased from
ChemlImpex (Wood Dale, IL). Rink amide TentaGel S resin (0.2 mmol/g) was acquired from
Rapp Polymere (Tubingen, Germany). The D-serine amino acid was purchased with tbutyl and N*
Fmoc protecting groups. An Fmoc-protected version of PEGO (20 atom linker: 19-amino-5-oxo-
3,10,13,16-tetraoxo-6-azanonadecan-1-oic acid residue) was purchased from Novabiochem.
IRDye780 and 4-carboxyphenylboronic acid was purchased from Sigma Aldrich (St. Louis, MO).
Peptide synthesis solvents, dry solvents, and solvents for HPLC (reagent grade) were acquired from
VWR (West Chester, PA), Sigma-Aldrich (Milwaukee, WI), or ChemImpex (Wood Dale, IL) and

were used without further purification unless otherwise noted.

A Varian solvent delivery module with Dionex UVD340U diode array detector was used
for preparative HPLC chromatography. Analytical scale HPLC was performed using a Dionex
P680 system with quaternary pumps, autosampler, and diode array detector. Mass spectral analysis
was performed with either Agilent 6540 QTOF with dual Jet-Stream ESI source, Agilent 6460
QQQ with Jet-Stream ESI source coupled to Agilent 1260 Infinity HPLC, Agilent LC/MSD VL
single quadrupole with Agilent 1100 series HPLC, or Applied Biosystem 4700 MALDI-TOFE-TOF
proteomics analyzer with 355nm Nd:YAG laser. Peptide was assembled using a ChemGlass

manual peptide vessel and lyophilized on a Labconco Freeze Dry/Shell Freeze System. Absorbance
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and Fluorescence measurements were taken on a Tecan Infinite M-1000 PRO multimode
microplate reader.

Nuclear Magnetic Resonance (NMR) experiments were carried out on either a 400 MHz
Varian INOVA instrument with 5 mm ASW probe, a 500 MHz direct drive Agilent instrument
with TR cryoprobe, or a 600 MHz Varian INOVA instrument with 5 mm BB rt probe. Spectra
were analyzed by ACD labs NMR Workbook 2015. Chemical shifts (8) were reported in parts per

million (ppm) and corrected to residual solvent signals.

3.4.2 Experimental Procedures

3.4.2.1 Monomer Synthesis

O
I\/\OJ\/ (CH2)13CH3

2-iodoethyl palmitate, 3.1

Palmitoyl chloride (3.33 mL, 10.9 mmol) and 2-iodoethanol (1.02 mL, 13.1 mmol) were
combined in 300 mL dichloromethane. Triethylamine (3 mL, 22 mmol) was slowly added with
mechanical stirring at room temperature. The reaction was concentrated after 1 hour. An off-
white pure compound was isolated by recrystallization from DCM/MeOH (4.33 g, 10.9 mmol,
97%); 'H NMR (400 MHz, CDCL) § 4.33 (t, J=6.81 Hz, 2H), 3.30 (t, J=6.78 Hz, 2H), 2.34 (t,
J=1.52 Hz, 2H), 1.58-1.70 (m, 2H), 1.21-1.34 (m, 24H), 0.89 (t, J=6.76 Hz, 3H); "C NMR (101
MHz:z, CDCL) 8 173.2, 64.3, 34.2, 31.9, 29.7, 29.6, 29.4, 29.3, 29.2, 29.1, 24.9, 22.1, 14.1, 0.5;

GCMS m/z [M] caled for C,3H;510, 410.168, found 410.040.
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O
BocHN \)\OtBu

~s

Trt
tert-butyl N-(tert-butoxycarbonyl)-S-trityl-L-cysteinate, 3.2

Boc-L-Cys(Trt)-OH (2.2 g, 4.78 mmol) was dissolved in 300 mL dichloromethane. N,N-
dicyclohexylcarbodiimide (1.2 g, 5.7 mmol), tertbutanol (0.69 mL, 7.17 mmol), and 4-
dimethylaminopyridine (0.0354 g, 0.23 mmol) were combined with the cysteine with mechanical
stirring. The reaction was refluxed for 15 hours and the dicyclohexylurea by-product was filtered
upon cooling (0 °C). The filtrate was washed with sat. aq. NaHCO; and brine. The organic layer
was dried over anhydrous MgSQO,, the solvent was removed under vacuum. Crude residue was
purified by silica gel chromatography (20% EtOAc/hexanes) to give 3.2 as a solid white powder
after concentration (2.28 mg, 4.63 mmol, 97%). 'H NMR (400 MHz, CDCl;) & 7.40 (br d, J=7.86
Hz, 5H), 7.12-7.34 (m, 13H), 5.08 (br d, J=7.26 Hz, 1H), 4.13-4.26 (m, 1H), 2.52 (br s, 2H), 1.41-
1.46 (m, 15H); "C NMR (101 MHz, CDCl;) 6 169.7, 155.0, 144.4, 129.6, 128.3, 128.0, 127.7,
127.7,129.5,127.9, 126.7, 82.2, 19.1, 66.4, 52.9, 34.5, 28.3, 27.9 HRMS (ESI-QTOF) m/z [M +

Na]" caled for C;;H3;NO,S 542.2336, found 542.2347, 2.03ppm.

o
BocHN\)l\OtBu

SSH
tert-butyl (tert-butoxycarbonyl)-L-cysteinate, 3.3

Compound 3.2 (1.3 g, 2.5 mmol) was dissolved in 1% TFA in DCM with triethylsilane

(0.6 mL, 3.75 mmol). The deprotection was stirred at O °C, monitored by TLC with Ellman’s
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reagent as a developing agent. After 5 hours, the solvent was removed under vacuum yielding an
oily residue. Crude residue was purified by silica gel chromatography (50% EtOAc/hexanes) to
give 3.3 as a thick oil (0.544 g, 1.96 mmol, 78%). '"H NMR (400 MHz, CDCl;) 5.41 (brs, 1H),
4.47 (brs, 1H), 2.96 (br dd, J=3.80, 8.62 Hz, 1H), 1.48 (br s, 20H); "C NMR (101 MHz,
CHLOROFORM-) 6 169.6, 155.0, 82.7, 79.9, 53.8, 42.0, 29.7, 27.9, 28.3, 18.1; HRMS (ESI-

QTOF) m/z [M + Na]" caled for C;,H,;NO,S 300.1240, found 300.1246, 2.00ppm.

(CH2)13CH3
(R)-2-((3-(tert-butoxy)-2-((tert-butoxycarbonyl)amino)-3-oxopropyl)thio)ethyl palmitate, 3.4

Compound 3.3 (126.6 mg, 0.4564 mmol) was dissolved in peptide grade DMF with
compound 4 (229.2 mg, 0.5592 mmol). Diisopropylethylamine (0.159 mL, 0.9128 mmol) was
added to the reaction with stirring and the reaction was heated to 80 °C. The reaction was
monitored by TLC and iodine chamber for 15 h and then solvent was removed under vacuum.
Crude residue was purified by silica gel chromatography (25% EtOAc/hexanes) to give 3.4 as a
colorless oil (243 mg, 0.434 mmol, 95%). 'H NMR (500 MHz, CDCI;) & 5.34 (br d, ]=6.97 Hz,
1H), 4.41 (br d, J=6.83 Hz, 1H), 4.28-4.35 (m, 1H), 4.21 (d¢, ]=1.97, 6.73 Hz, 1H), 3.64-3.71 (m,
1H), 2.91-3.07 (m, 1H), 2.78 (¢, J=6.72 Hz, 1H), 2.27-2.40 (m, 2H), 1.56 (br s, 9H), 1.48 (s, 7TH),
1.45 (s, 7TH), 1.25 (s, 22H), 0.88 (s, 3H); "C NMR (151 MHz, CDCl;) § 173.5, 169.8, 155.1, 82.6,

79.9,71.3,63.7, 63.1, 53.9, 41.6, 34.9, 34.2, 34.1, 31.9, 31.3, 29.6, 29.6, 29.6, 29.3, 28.3, 27.9,
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24.9, 22.6, 14.1; HRMS (ESI-QTOF) m/z [M + H]" caled for C;H5;NOS 560.3979 ((M+Na]’

582.3799), found 560.3997, 3.21 ppm (582.3818, 3.26 ppm).

O
FmocHN\)l\OtBu
:\S
Ké °
(CH2)13CH3

(R)-2-((24((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(tert-butoxy)-3-oxopropyl)thio)ethyl
palmitate, 3.5

Compound 3.4 (243 mg, 0.434 mmol) was dissolved with 10% TFA in DCM at 0 °C. The
deprotection was monitored by TLC with ninhydrin reagent developing. After 4 hours, the solvent
was removed under vacuum and diisopropyethylamine (0.151 mL, 0.868mmol) was added with
Fmoc-OSu (176 mg, 0.521 mmol) in anhydrous DCM. After 2 hours the reaction was
concentrated until reduced pressure and the crude residue was purified by silica gel
chromatography (30% EtOAc/hexanes) to give 3.5 as an off-white semisolid (0.2072 mg, 0.3038
mmol, 70%). '"H NMR (500 MHz, CDCL;) 8 7.78 (br d, J=7.52 Hz, 2H), 7.62 (br d, ]=7.40 Hz,
1H), 7.41 (br t, J=7.46 Hz, 2H), 7.29-7.37 (m, 2H), 6.05-6.13 (m, 1H), 6.09 (s, 1H), 5.66 (br d,
J=7.46 Hz, 1H), 4.52 (br d, J=5.32 Hz, 1H), 4.31-4.47 (m, 1H), 4.31-4.47 (m, 1H), 4.09-4.30 (m,
2H), 3.70 (d, J=5.75 Hz, 1H), 3.05 (br dd, ]=4.62, 17.03 Hz, 1H), 2.79 (br t, ]=6.48 Hz, 1H), 2.33-
2.41 (m, 1H), 2.36 (t, J=7.55 Hz, 1H), 2.30 (br ¢, ]=7.58 Hz, 1H), 1.57 (br s, 5H), 1.51 (s, 7H),
1.20-1.38 (m, 23H), 0.89 (br t, J=6.91 Hz, 3H); "C NMR (151 MHz, CDCl;) § 173.5, 173.3,

143.7, 143.7, 141.3, 127.7, 127.0, 125.1, 119.9, 83.0, 67.4, 67.1, 63.0, 56.7, 54.3, 53.7, 47.1,
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34.9, 34.1, 34.0, 32.4, 31.9, 31.4, 30.4, 29.6, 29.6, 29.6, 29.4, 29.3, 29.2, 29.1, 28.0, 27.9, 25.8,
25.4,25.3,125.0,24.9, 24.7, 24.6, 22.6, 18.6, 11.4, 14.1, 12.0; HRMS (ESI-QTOF) m/z [M + H|'

caled for C,0H5oNOS 682.4136 ((M+Na]" 704.3955), found 682.4156 2.93 ppm (704.3978 3.27

ppm).

O]
FmocHN\)J\OH

~S
3

(CH2)13CH3
N-(((9H-Aluoren-9-yl)methoxy)carbonyl)-S-(2-(palmitoyloxy)ethyl)-L-cysteine, 3.6

Compound 3.5 (74.2 mg, 0.109 mmol) was dissolved in 50% TFA in DCM. Solvent was
removed under reduced pressure after 2 h. Final product was allowed to dry overnight under high-
vacuum, yielding offwhite semisolid compound 3.6. "H NMR (500 MHz, CDCL) & 7.77 (br d,
J=7.14 Hz, 2H), 7.61 (br s, 2H), 7.41 (br t, ]=6.86 Hz, 2H), 7.29-7.37 (m, 2H), 5.73 (br s, LH), 4.66
(brs, 1H), 4.43 (br's, 1H), 4.34 (br t, J=5.63 Hz, 1H), 4.24 (br d, ]=6.86 Hz, 2H), 3.65-3.73 (m,
2H), 2.95-3.23 (m, 1H), 2.79 (br s, LH), 2.20-2.42 (m, 2H), 1.53-1.72 (m, 2H), 1.26 (br s, 26H),
0.89 (br t, J=6.45 Hz, 3H); "C NMR (126 MHz, CDCLy) § 174.3, 174.1, 156.0, 143.6, 143.6,
141.3, 127.8, 127.1, 125.1, 120.0, 67.5, 63.1, 53.5, 47.0, 34.3, 34.2, 31.9, 31.2, 29.7, 29.6, 29.6,
29.5,29.4,29.2, 29.1, 24.9, 22.7, 14.1; HRMS (ESLQTOF) m/z [M + HJ" caled for CyHsNOGS

626.3510 ((M+Na]" 648.3329) found 626.3538, 4.47 ppm (648.3345, 2.47 ppm).
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IR780‘COOH, 30 7

Commercially available IR780 dye (330 mg, 0.5 mmol) was refluxed in MeOH/H,0O (v/v)
with 4-carboxyphenyl boronic acid (150 mg, 0.9 mmol) and Pd(PPhs), (5 mol%). The reaction was
allowed to progress overnight and then dried in vacuo which produces solid, blue-green flakes. The
crude product was purified with silica gel chromatography (50% MeOH/DCM) to yield
compound 3.7 as blue-green crystalline solid (210 mg, 0.279 mmol, 56%). '"H NMR (400 MHz,
DMSO-d6) 6 8.07 (d, J=8.12 Hz, 2H), 7.45 (d, J=7.45 Hz, 2H), 7.31 (d, ]=3.86 Hz, 4H), 7.02-7.21
(m, 6H), 6.18 (d, ]J=14.13 Hz, 2H), 4.06 (br t, J=7.13 Hz, 4H), 2.65 (br t, J=6.29 Hz, 4H), 1.92 (br s,
2H), 1.58-1.80 (m, 4H), 1.10 (s, 12H), 0.90 (s, 6H); "C NMR (151 MHz, CDCl;) § 172.1, 148.6,
142.1, 140.9, 131.1, 130.4, 128.4, 124.9, 122.3, 110.2, 99.4, 48.8, 45.7, 271.7, 24.7, 21.2, 20.7,

11.6; HRMS (ESI-QTOF) m/z [M]" caled 625.3789 for C,;H4,N,O,, found 625.3811, 3.52 ppm.

3.4.2.2 Ligand Synthesis, Purification, and Characterization. TLR2L-780 was synthesized
by SPPS strategy following the outline given in Scheme 3.6. Resin was initially swollen in DCM for
20 min (2x), washed with NMP (2x), and then the Fmoc-protecting group removed with 20%
piperidine, 2% DBU in DMF (2 x 20 min). Next the resin was washed with NMP (3x), DCM (3x),

and finally with NMP (3x). The subsequent residue was coupled using 4 eq. of Fmoc-protected
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amino acid, 4 eq. of HCTU and 15 eq. of NMM in NMP. Kaiser Assay was used to qualitatively
test for reaction completion. The washing, Fmoc-deprotection, and coupling steps were repeated as

indicated in Scheme 3.6 for each subsequent monomer.

Infrared dye 780 was reacted through Suzuki coupling with 4-carboxyphenylboronic acid as
shown in Scheme 3.6 to produce the IR;3:COOH monomer. The dye conjugate was then coupled
to the N-terminus of TLR2Li on-resin intermediate with HCTU activation (3 eq. IR;,c-COOH, 3
eq. HCTU and 6 eq. DIEA in DMF). Crude peptide was cleaved from the resin with a cocktail (10
mL) of TFA, water, and TIS (95:2.5:2.5, v/v). Resin agitation was accomplished by N, gas bubbling
over 4 h at room temperature. The filtrate was concentrated in vacuo. The residue from cleavage
was dissolved in 50/50 MeOH, H,O (v/v) and purified with the MeOH HPLC method described

below. Blue-green solid product was isolated as crude TLR2L-780 compound.

Purity of the peptide was ensured using analytical HPLC. The peptide was
chromatographed on an AAPPTec Spirit Protein C-8 column , 250 x 46 mm, 5 pm with a linear
gradient of 25-100 % B over 50 min, where A was H2O + 0.1% TFA and B was MeOH + 0.1%
TFA. Pure peptide was dissolved (1 mg/mL) in DMSO, stored at —20°C, and protected from light.
Working solutions of 10 pg/mL were prepared from dilutions of the DMSO stocks in deionized

water.

3.4.2.3 Mass Spectral Analysis: QToF and MALDI-TOF. MALDI -TOF experiments were
used to analyze both crude and pure peptides. Samples were premixed 1:1 (v/v) with a saturated
solution of o-cyano-4-hydroxycinnamic acid and then 500 nL was spotted on the MALDI plate.

The instrument was run in positive, reflective mode.
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For QToF characterization of purified peptides, the samples were introduced to the mass
spectrometer as a direct infusion from the HPLC. The instrument was set to high resolution
mode in extended dynamic range. Only positive polarity was measured. Real-time reference

masses were infused in the second nebulizer during the acquisition.

3.4.2.4 Lipophilicity Measurement. First, the triple quadrupole mass spectrometer was set
up as described in Chapter 2. The deviation from the procedure outlined in Chapter two is that
an Alltech Alltima Cyano 100A 5 pm (4.6 mm x 250 mm) HPLC column was used to
chromatograph the peptide ligand into the spectrometer. Transitions of double charged pre-cursor
ion (the most abundant) were mapped and optimized for the TLR2L. A standard curve was setup
to measure unknown peptide concentrations. A 2.5 uM solution of ligand in sodium phosphate
(25 mM, pH 7.4) was vortexed with three ratios of n-octanol and centrifuged to better partition the
separated layers. Triplicate measurements of ligand concentration in each layer were used to

calculate the LogD, ,.
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CHAPTER FOUR:
DEVELOPMENT OF NOVEL TARGETED IMMUNOCON]JUGATES FOR USE AS

PEPTIDE-TARGETED IMMUNE EFFECTORS

4.1 Introduction

The adaptive immune system is an immensely complex system of checks and balances that
simultaneously protects against pathogens as well as aberrant cells while maintaining self-tolerance.
Briefly, T cells are able to molecularly recognize and identify abnormal cells or pathogens via
antigens expressed on the cell surface (Figure 4.1). In response to this recognition, T helper (T})
cells release an array of cytokines to attract other immune modulators such as natural killer cells
and B cells to the affected area. Additionally, T, cells will attract and activate cytotoxic T cells, all
of which, in concert with other immune modulators, will destroy the targeted cell. Inherent in this
process are many molecular recognition events, or immune checkpoints, that can either enhance
or dampen the immune response. Cancer cells use many different immune suppression strategies
including the expression of proteins that prompt the downregulation of the immunologic
response.' Disrupting this evasion by using so-called immune checkpoint inhibitors to blockade
the signals has been a revolutionary idea in cancer treatment, and is currently a promising research

target.z'S
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Ipilimumab was the first and still only FDA approved anti-cytotoxic T-lymphocyte antigen-4
(aCTLA4) immune effector. It was the first approved checkpoint inhibitor for treatment of
metastatic melanomas in 2011.° This drug was the first non-standard chemotherapeutic to
substantially increase survival outcomes for advanced, surgically unresectable melanomas.” A few
years later, two new immune effectors targeting the programed cell death protein-1 (aPD-1) were
approved for metastatic melanomas in 2014.% Nivolumab and pembrolizumab are both aPD-1
antibodies used for analogous blockade therapy, and both received new indications for metastatic
squamous non-small cell lung cancer (NSCLC) in 2015. In fact, lung cancer indications are more
frequently being assigned to these immunotherapeutics.”"' Many additional new immune effectors
are currently being researched and several have made their way to various stages of preclinical and

clinical trials."

Tumor Cell (Effector Phase) /
APC (Activation Phase)

PDL-1, PDL-2

MHC

K MHC: Major Histocompatibility Complex

aCTLA-4 TCR: T Cell Receptor
APC: Antigen Presenting Cell

Figure 4.1. Key cell surface molecular interactions in T cell signaling.

88

www.manharaa.com




The downside to these new armaments of antibody drugs comes from an over-activation of
the systemic immune system; almost all toxicity seen from these new drugs is termed immune
related adverse effects (irAE). Typical issues include dermatitis 40%," diarrhea/colitis 30%,"* and
sometimes hepatitis."”” Clinical evidence suggests that the irAE from the aPD1 class of antibodies
is not as bad as that from the aCTLA4, however typical combinations and sequential protocols
make use of both.'™'" Once irAEs are observed in the clinical setting, the immunotherapy is often
discontinued, until the treatment of the side effects through the administration of steroids, tumor
necrosis factor-o. inhibitors (infliximab), and immunosuppression.” Not only do these
interventions cost time and money, the patient loses critical time without the immunotherapy.

Because immune checkpoint inhibitors are antibodies with an affinity for proteins on the
surface of immune cells, they are technically a type of targeted therapy. However these current
checkpoint inhibitors have little discrimination for tumor cells. The vision of the current study was
to reduce the immune related adverse events (irAEs) and increase potency by targeting the PD-1
blockade using established tumor cell surface, targeted ligand (TL) technology to concentrate the
immune effectors in the tumor microenvironment.

Although the incidence of lung cancer in the US has declined in recent decades (due to
fewer smokers), the American Cancer Society still lists lung cancers as the second most frequently
diagnosed cancers among both men and women."® Owing to both its severity and the large
number of affected people, this insidious disease also boasts the highest cancer death rates in the
US with one and five year survival rates at 44% and 17% respectively.'”® Unfortunately, the rest of
world has an increasing number of smokers and the WHO data reports 1.6 million people died of

lung cancer worldwide in 2015. Treatment options depend on the subtype and stage of disease but
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most often include surgery, radiation therapy, and chemotherapy. Patients with advanced stages of
the largest subtype, non-small cell (83%), can benefit from recent advances in immunotherapy.
The 6-opioid receptor (DOR) is characterized as a 7-transmembrane GPCR that has normal
expression in brain tissue, where it understood to be involved with analgesic effects upon agonistic
binding. In the 1990s this extracellular receptor was found to be overexpressed on the surface of
NSCLC tumors.'”* The use of this receptor for imaging and characterization of lung cancer
tumors demonstrated in subsequent research.”"** Previous work in our group capitalized on this
overexpression through the synthesis of a dipeptide antagonist for the delta-opioid receptor and
coupling fluorescent dyes with the goal of real-time intraoperative guided surgical resections.”**
Combining the group’s previous work with the novel idea of target immunotherapy led to
the goal of the current research project: to synthesize bifunctional molecules that target tumor cells
through overexpressed extracellular receptors and subsequently effect a local immune response in
the tumor micro environment. Because these biomolecules can target and concentrate at the
tumor, the resulting immunoconjugate should have a larger therapeutic window than current
analogous therapies. The reduction of systemic toxicities would also likely require the use of lower

levels of systemically circulating drug. Finally this new class of immune modulators could be more

pharmacoeconomic since doses of costly antibodies might be reduced.

4.2 Results and Discussion
4.2.1 Targeting Ligand Design and Synthesis
Often referred to simply as ‘DmtTic,” the delta opioid receptor (DOR) targeting peptide

ligand is a logical first choice to test the viability of peptide-targeted checkpoint inhibitors. The
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pharmacophore is well characterized as a selective, high affinity ligand for the 8-opioid receptor.”

The synthesis is facile with conventional peptide synthesis techniques, and is amenable to
bioconjugations with simple modifications. While the DOR is understood to be a bonafide cell
surface marker of NSCLC, its expression in normal tissues is mostly limited to the CNS. DmtTic’s
peptidic nature limits its permeation of the blood brain barrier, especially once covalently attached
to a 150 kDa antibody.

Peptide synthesis was performed using conventional 9-fluorenylmethoxycarbonyl (Fmoc)
based solid-phase peptide synthesis (SPPS). TentaGel MB NH2 resin was chosen as an appropriate
resin due to the swelling characteristics of the polyethylene glycol (PEG) linker in a variety of both
aqueous and polar organic solvents. For these reasons the resin was found to be efficient for the
peptide synthesis steps, including a reductive amination step using aqueous formaldehyde. Scheme
4.1 outlines the synthesis of the DmtTic targeting ligand. As in previous research projects, the C-
terminal lysine of each of the targeting ligand analogs was an important synthetic tool which
allowed for creating a branched structure. By employing an orthogonal protecting group (Alloc) on
the e-amino group, the linear portion of the peptide was completed first. Then the structure was
branched after alloc deprotection to incorporate the PEG oligomer (Scheme 4.1, bottom product).
To incorporate two branched elements, a second lysine(Alloc) amino acid was coupled to the first’s
e-amino group. The right product on Scheme 4.1 shows this branched TL. This scaffold was used

to incorporate both a fluorescent dye and an oligomeric PEG monomer.
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Scheme 4.1. SPPS strategy used to synthesize the DmtTic targeting ligand. The bottom and right
products depict how products could have no branching or branching from a C-terminal lysine
residue in order to incorporate extra elements into the targeting ligand via the remaining primary
of the terminal lysine.

Methods for conjugating peptides and drugs to biomolecules are described in many
primary texts, including Hermanson’s Bioconjugate Techniques.”” Scheme 4.2 depicts two strategies
to conjugate the e-amine of ubiquitous lysine side chains. By pre-activating the DmtTic ligand with
an ester leaving group, like N-hydroxysuccinimide or N-hydroxysulfosuccinimide (Scheme 4.2, (A)
and (B) respectively), coupling of ligand with antibody could be affected. These coupling strategies
were a strategic choice for DmtTic due to its lack of nucleophilic side chains. For instance, amino

acid side chains containing amines or sulthydryls could intramolecularly compete with the lysines
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on the proteins for the activated ester of DmtTic. The most nucleophilic functional group on the
DmtTic targeting ligand was the primary amine on the N-terminus. Salvadoria et al. have
previously reported SAR indicating that the N-terminal dimethylated analog of DmtTic retained
comparable binding affinity and selectivity for the DOR.?® To this end, the N-terminus of DmtTic
was dimethylated to limit any other competing coupling chemistry of the ligand that could lead
oligomerization of the DmtTic ligand as well antibody coupling. As shown in Scheme 4.1, the
dimethylation reaction was done on solid support before alloc deprotection. Initial experiments
involved reductive amination using 1,3,5-trioxane as a source of formaldehyde, and several

reductants were surveyed. Optimal reductive amination was accomplished with aqueous

formaldehyde (37%), fresh NaBH;CN, and catalytic AcOH.

(e}
(e} (e}
A J\ N Lysi )J\ -
(Y] R o N ysine N R N~ Lysine
O
o SOz Na*
(0] (e}
! N
(B) R)]\O/ 4 H,N~ ysine R H/Lysme
(e}

Scheme 4.2. Common conjugation chemistries used to functionalize bio molecules. Rows (a) and
(b) show activated NHS and Sulfo-NHS esters reacting to form native amide bonds with lysine side
chains from a biomolecule.

Another crucial design element in the TL was the inclusion of a water soluble linker. The
appropriate space between the TL and the antibody is critical for the functionality of both

components. A relationship is known to exist between linker length, flexibility and increased
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avidity for the target receptor.”**’ Linker length and composition, and also receptor number and
spacing/relative distance, are critical factors to balance when designing linkers. The linker chosen
for this DmtTic ligand was an oligomeric polyethylene glycol monomer, or discrete PEG (dPEG),
that can be purchased in various lengths. Additionally, the polyethylene glycol monomers of the
linker were intended to enhance aqueous solubility of the relatively hydrophobic DmtTic

pharmacophore.

NSNS

/
Cr

Figure 4.2. Structure of Cyanine Dye 5.5, NHS-ester.

One final contribution to the design of the targeting ligand was the inclusion of a
fluorescent dye. For purposes of monitoring biodistribution and pharmacokinetics, a
commercially available indocyanine green (ICG) derivative dye, named Cy5.5 was purchased.
Figure 4.2 illustrates the structure of the dye as it was purchased from Lumiprobe. The dye was
chosen both for its emission and excitation characteristics (678/694 nm respectively) and for its

NHS-ester. For economic reasons, the dye was not coupled to the peptide while on solid support.
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Instead the NHS-ester dye was coupled in solution with the purified peptide as shown in Figure

4.3.
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Figure 4.3. Solution-phase modifications to targeting peptide ligand. (a) Cy5.5-NHS ester (1
equiv.), NEt; (5 equiv.), MeCN (b) N-hydroxysuccinimide (3 equiv.) DCC (3 equiv.), MeCN. The
inset HLPC traces (right of reaction scheme) demonstrate how the reaction was monitored for
completion of each step.

In summary, different versions of DmtTic TL were synthesized. The structures of these
compounds are shown at the end of this chapter and pertinent information is summarized in
Table 4.1. Variations included length of dPEG linker, the inclusion of cyanine dye, and type of
NHS leaving group. One final compound (4.5) was made with a scrambled pharmacophore by
reversing the order of amino acids in the pharmacophore. The purpose of this compound was to

prepare negative-binding control immunoconjugates. After each targeting ligand was synthesized,
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pre-activated, and lyophilized, they were each fully characterized by HPLC and MALDI-TOF. Prior

to use, each compound was reconstituted in DMSO to 5 mM. These targeting ligand stock

solutions were then used for immunoconjugate synthesis. Unused DMSQO solutions were frozen to

-20 °C and were assayed by HPLC for hydrolysis before use in later immunoconjugate reactions.

Table 4.1 Summary of peptide targeting ligands prepared for subsequent immunoconjugation.

Targeting Ligand Linker Dye Activated LG
4.1  N,N-DiMethyl-DmtTic-LyssxCONH, dPEG5 - NHS
4.2 NN-DiMethyl-DmtTic-LyssxCONH, dPEG5 Cy5.5 NHS
4.3  N,N-DiMethyl-DmtTic-LyssxCONH, dPEG5 Cy5.5 SulfoNHS
4.4  N)N-DiMethyl-DmtTic-LyssxCONH, dPEG13 Cy5.5 NHS
4.5  N,N-DiMethyl-Lys-Tic-Dmt-CONH, dPEG5 Cy5.5 NHS

4.2.2 Immunoconjugate Synthesis

The bioconjugation reaction of activated targeting ligand with antibody is shown in Figure

4.4. This cartoon represents the stochastic reaction where the roughly 60 surface accessible lysine

side chains may react with the activated targeting ligand (presented as blue spheres). A

characteristic of this reaction was the random assortment of potential products. Due to differences

in concentration, pH, temperature, salt concentration, etc., this reaction produced slightly

different combinations of products with each batch.
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Aqueous Buffer

D Lot

.ILG (excess)

Figure 4.4. Bioconjugation reaction for the addition of targeting ligand to immune effector
antibody. This cartoon is only a representation of possible products of lysine side chains (NH,)
and targeting ligand (blue spheres).

Similar batch-wise differences were seen in first-generation antibody-drug conjugates, or
ADCs. These targeted therapeutics attach a cytotoxic drug payload to a targeting antibody.
Typically the drug is linked to the antibody through a cleavable linker which releases the cytotoxic
payload once the antibody is internalized to its cellular target. While developments in this field
have elucidated methods to specifically attach payloads to antibodies, the earliest conjugates were
either lysine or cysteine linked conjugates. An important trait of ADCs is the so-called drug-to-
antibody ratio, or DAR. As the name implies, this value is a measure of the number of drug
molecules given as a ratio to the number of antibodies. Even with tight production controls this

value could change slightly for each batch of immunoconjugates.™
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Because our targeted immunoconjugate scheme reverses the paradigm of ADCs by
targeting the antibody with its payload, we thought it would be appropriate to rename the payload-
to-antibody ratio. Hence the name, targeted ligand-to-antibody ratio, or TAR. Analogously to the
first generation ADCs, our TAR changes slightly between batches but can generally be controlled
through the conditions set during each conjugation reaction. It serves as one measurable output to
be used in tracking the efficiency of the conjugation reaction.

A series of initial experiments were performed to optimize the bioconjugation reaction.
Table 4.2 lists the tested conditions. First the pH of the conjugation buffer was varied. A trend of
increasing TAR followed from increasing the pH of solution to 8.5 in 50 mM HEPES buffer.
Changing the buffer component from HEPES to phosphate also served to increase the TAR of the
resulting conjugate. Finally the effects of salt concentration and organic modifier were tested.

Increased salt concentration had large deleterious effects to the TAR, reducing from 3.63 to 1.46.

Table 4.2. Targeting Ligand to Antibody Ratio (TAR) observed from various buffers during
immunoconjugation.

\Q}O\z\‘
% N S
N N Qx\“’% ° \xq’oY\ S
Q“(?Q Q‘°‘°Q <@ 2 Q@Qo\f? Q“‘?Q<°® K Q<°®
N E ) &I EFTES
NHS ester| 4.01 | 363 | 476 | 513 | 3.23 | 1.46 1.72
Sulfo-NHS ester ND 0.62 ND ND 1.96 1.46 ND

The addition of an organic modifier to the reaction buffer was tested due to poor aqueous

solubility of the TL. Without organic modifier in the conjugation reaction, DmtTic didn’t mix
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well in the aqueous solution. The addition of up to 10% ethanol was qualitatively observed to
increase solubility. However the resulting TAR was actually lower with the ethanol. Due the
compatibility with antibodies and typical use as a cryoprotectant, later tests using ethylene glycol as
organic modifier yielded high TAR values.

Table 4.3 shows another measure of reaction efficiency under the given optimization
conditions: protein recovery. Due to the measurement error when determining final volumes, one
of the values was recorded over 100%. However the clear trend suggests that the 10% ethanol
solution promotes protein recovery. The use of organic modifier was therefore continued in
further experiments.

A final variable tested during the optimization experiments was the leaving group (LG).
Up to this point the DmtTic targeting ligand was preactivated as the N-hydroxysuccinimide ester.
Due to the previously mentioned solubility issues, a similar leaving group with a single appended
sulfonate group was synthesized. This N-hydroxysulfosuccinimide imparted an additional negative
charge to targeting ligand and was designed to help solubilize the compound during the
bioconjugation reaction. Unexpectedly the sulfo-NHS activated compounds failed to increase

either the TAR or protein recovery measurements.

Table 4.3. Recovered protein as a result of the varied immunoconjugation conditions.
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Ultimately the TAR of each batch was controlled through the amount of excess TL in the
reaction. Most reactions with ten equivalents TL yielded a TAR of ~ 5. Doubling the amount of
TL in the reaction proportionately increased resulting TAR. Table 4.4 illustrates these trends by
listing the completed immunoconjugates. Both conjugates D13A and D26A were conjugation
reactions with 10 equivalent TL on 10 mg antibody, and the TAR for each were measured at 4.58
and 4.20 respectively. Reactions D13B and D26B were completed in parallel, only varying the
excess TL (20 equivalents each). Both D13B and D26B had a TAR of roughly 12. In this manner
the control over TAR was followed for subsequent batches of immunoconjugates summarized in

Table 4.4.

4.2.3 Immunoconjugate Workup and Characterization: Size Exclusion

After the bioconjugation reaction of targeting ligand and antibody, the new conjugates
were concentrated in Vivaspin 30 kDa MWCU centrifuge tubes. Unfortunately this method failed
to adequately separate the excess, hydrolyzed targeting ligand from the substantially larger
immunoconjugates. Instead, some of the excess targeting ligand was observed to stick to the
membrane of the filter as a blue precipitate.

A subsequent step of passing the concentrated immunoconjugate through a size exclusion
column was necessary to remove the excess targeting ligand. Due to the blue color of the targeting
ligand, it was possible to observe the separation of immunoconjugates from the targeting ligand.
The larger immunoconjugates eluted first, leaving a blue band of targeting ligand on the PD-10
SEC column. The collected fractions with immunoconjugate were concentrated and exchanged

into 1x DPBS buffer using a Vivaspin column.
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Finally the purified immunoconjugates were run on an analytical scale SEC-HPLC column
(TSKgel SuperSW3000) to confirm product homogeneity. Examples of the separation observed
between free antibody (A), free targeting ligand (B), and immunoconjugate (D) are shown in Figure
4.5. Box (C) also shows a coinjection of free targeting ligand and free antibody, demonstrating
adequate separation using this method. Final immunoconjugates were analyzed with this

technique before going forward with further testing.

C.1gG (aPD1) +
o] Targeting Ligand
Co-Injection

i A FreelgG (aPD1) /

T T T T T T T T
25 5 75 0] 125 15 175 25 H s mir

=] B.FreeTargeting Ligand ] D.lmmunoconjugate

C114

Figure 4.5. Size exclusion experiment demonstrating the separation of conjugated and
unconjugated immune effectors.

4.2.4 Immunoconjugate Characterization: UV/Vis TAR Determination

The most successful method of determining the TAR of the immunoconjugates used the
UV/Vis absorbance of the final products. Because the chromophores on the TL and the
antibodies are different, maximally absorbing at 688 and 280 nm respectively, extinction

coefficients (€) for both components were determined experimentally (See Figure 4.6 for the linear
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regressions used to calculate €). Through application of the Beer-Lambert equation, the absolute
concentrations of each component in the immunoconjugate solution were determined. Finally,
since the SEC analysis suggested that the components in the final immunoconjugate solution were

attached, the relative concentrations of each were used to provide the average ratio of targeting

ligand to antibody, or TAR.
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Figure 4.6. Experimental UV/Vis extinction coefficients for TAR calculations.

The results of UV/Vis TAR determination for each completed immunoconjugate are listed
in Table 4.4. The majority of entries are conjugations with the aPD-1 antibody since the efficacy
models of our collaborator (Dr. Amer Beg) were most pertinent to this immune effector.

However, these modifications can be extended to other immune effectors as shown at the bottom
of the table. For instance, immunoconjugates of another checkpoint inhibitor class, aCD137,
were also prepared (C119, D19). Additionally, another antibody designed to blockade a cognate
receptor of T}, expressed PD-1, aPDL-L, was also conjugated with TL. Other immunoconjugates
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prepared and listed in the table contain the scrambled TL (4.5). These conjugates were designed to
be used as a non-targeting control in the efficacy model. Finally an o-trinitrophenol isotype control

antibody was prepared for use as negative immune modulator conjugate.

Table 4.4. Summary of immunoconjugates prepared.

Notebook Entry ~ Targeting Ligand mAb  TAR (n?g(;;ii) Comment
C100 4.1 aPD-1  ND 2.07
C106 4.2 ePD-1  5.18 9.11
Cl14 4.3 aPD-1 620 7.28
D9A 4.2 aPD-1  4.05 1.90
D9B 4.2 aPD-1  9.03 6.59
DI3A 4.2 aPD-1  4.58 8.25
D13B 4.2 ePD-1 129 6.36
D26A 4.2 aPD-1  4.20 8.0
D26B 4.2 ePD-1 110 8.0
D40 4.5 aPD-1 305 2.6 Negative binding control
D46 4.5 oPD-1 897 5.34 Negative binding control
D49 4.2 ePD-1 109 4.00
D51 4.4 aPD-1 9,51 5.08
C119 4.3 aCD137  1.70 3.70
D39 4.2 aCD137  4.20 8.21
D38 4.2 ePD-L1 5.3 6.11
D41 4.2 «TNP  5.43 3.26 Isotype control
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4.2.5 Immunoconjugate Characterization: Mass Spec TAR Determination

A secondary method useful for determining the TAR of immunoconjugates is mass
spectrometry (MS). Initial efforts to characterize the immunoconjugates by MS for this project
began with MALDI-TOF. The results (not shown) were encouraging but peak shapes were too
broad to be of real use in calculating TAR. In the ADC field, HPLC-MS is becoming more
common place but is still an area of active research. After studying previously reported electrospray
ionization experiments in the literature,’*”* HPLC-QToF experiments were executed with the goal
of determining the final immunoconjugate TAR and corroborating the UV/Vis data.

One of the biggest challenges of measuring lysine-linked monoclonal antibody (mAb)
immunoconjugates is the heterogeneity. Aside from the stochastic nature of the bioconjugation
reactions, the starting mAbs have a large degree of glycosylation. These N-glycans are particularly
pronounced in the Fc region of the antibodies and have been shown to be important for both the
structural stability and function of the antibodies.”” Although fully intact antibodies were tested by
HPLCMS in this project, it was found that deglycosylating the immunoconjugates prior to MS
analysis produced the cleanest spectra. Two enzymes were used for deglycosylation in the project:
[gGZero (Endo S) and PNGase F. Both of these products are commercially available with the
former marketed as a specific endoglycosidases for the Fc region of antibodies and the later a
general purpose glycoprotein endoglycosidases.

During the course of HPLC-QToF method development many different conditions,
buffers, sample preps, and mass spectrometer conditions were tested. Samples were worked up by
either ZipTip, desalting Vivaspin columns, or miniature scale Sephadex G-25 packed syringes prior

to being directly infused or injected on the HPLC front end of the MS instrument. Both a C8
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protein (300 A) RP-HPLC column and analytical scale SEC column were tested for
chromatographing the analyte into the MS instrument. Various mobile phases consisting of water
and acetonitrile were tested under buffered conditions ranging from trifluoroacetic acid (TFA),
formic acid (FA), and ammonium formate. Finally antibodies and immunoconjugates were tested
as either intact molecules or as fragments that were reduced with TCEP and alkylated with
iodoacetamide. The optimized method that produced the highest quality spectrum consisted of
the analytical scale SEC column using an isocratic mobile phase of ACN/H,0 (50% + 0.1% TFA).
The intact biomolecules were injected in their deglycosylation buffers and the MS instrument was

cycled to waste when the buffer salts were eluted from the SEC method.
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Figure 4.7. MS analysis of deglycosylated aPD-1.
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Once the analyte eluted into the mass spectrometer, the area under each total ion
chromatogram (TIC) was integrated and a summed mass spectrum was produced. A maximum
entropy algorithm was then applied to produce a deconvoluted spectrum for each sample. Figures
4.7 and 4.8 show representative mass spectra for deglycosylated aPD-1 and an immunoconjugate

consisting of aPD-1 and 4.5, respectively.
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Figure 4.8. MS analysis of deglycosylated immunoconjugate aPD-1 + 4.5 (D43).

While the deconvoluted spectrum in Figure 4.8 shows successive peaks with repeating units
corresponding to the mass of TL, it fails to corroborate the TAR calculated from the UV/Vis
experiments. Due to the nature of the bioconjugation reaction, a Gaussian distribution of

deconvoluted peaks centered on the TAR was expected. Instead the deconvoluted peaks decay
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from a peak corresponding to the unconjugated mAb mass. These results may be linked to the
sample preparation with the endoglycosidases, settings on the instrument itself, inherent
differences in ionization potentials, or some other unknown factor. Therefore the take away from
these experiments was that the immunoconjugates consist of some covalently attached targeting
ligands to mAbs. Since the analytical scale SEC experiments demonstrated that unbound targeting
ligand was successfully removed during the workup, the UV/Vis analysis remains the most reliable

method for TAR determination.

4.2.6 Biological Testing of Immunoconjugates

This research wouldn’t be complete without a discussion on the biological testing of many
of the newly created immunoconjugates. As with the previous research projects described in this
dissertation, the novel compounds discussed in this chapter were tested in collaboration with
research labs at the Moffitt Cancer Center. Biological testing of the immunoconjugates was done
by two groups; each with a different specialty. Dr. Allison Cohen in the Morse group performed
whole cell binding assays, engineered tumor cell lines to express mouse and human DOR, and
performed in vivo fluorescence imaging studies. Dr. Hong Zheng in the Beg group developed the in
vivo mouse efficacy studies.

Figure 4.9 shows the binding assay results of two immunoconjugates, D13A and D13B, for
whole cells expressing the DOR. These two immunoconjugates had TARs of 4.6 and 12.9
respectively. The assay not only demonstrates that the TL immunoconjugates retain the high

binding affinities (18 and 4 nM respectively) of the TLs, but that they do so in a TAR dependent
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fashion. The experiment further validates the postulate that higher TARs resulted in increased
avidity of the immunoconjugate for the targeted receptor.

Box A in Figure 4.10 shows a representative in vivo image at 96 h post intravenous
immunoconjugate injection to a mouse (n=4) with two flank xenografts. Immunoconjugate was
observed by fluorescence in both denuded tumor implant areas and through the soles of the
mouse’s feet. The right tumor was engineered to express DOR(+) on the cell surface, and this
tumor is shown to have substantially higher uptake of immunoconjugate than the DOR(-) tumor,
left. Box B of the figure shows the same tumors, excised, after 168 hours. Box C of Figure 4.10
quantifies the fluorescence uptake in the positive and negative tumors over the 168 h time course.
In addition to higher levels of immunoconjugate in the positive tumor, Box C also indicates that
free immunoconjugate was cleared from circulation after 96 h and a substantial portion remained

at the positive tumors.
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Figure 4.9. Immunoconjugate competition binding assays for DOR expressing cells. Experiment

performed by Allison Cohen (Morse Lab).
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Figure 4.10. Differential uptake of immunoconjugate (D26A TAR 4.2) in DOR(-) and DOR(+)
tumors. Experiment performed by Allison Cohen (Morse Lab).

Figure 4.11 reports the findings of an initial in vivo murine efficacy experiment performed
by the Dr. Hong Zheng in the Beg lab. The mice in this experiment had xenografted LKR tumors
that did not express DOR. Box A in the figure shows tumor volume as a function of time for
untreated animals (UT), and all tumors increased without inhibition. The three other boxes that
comprise Figure 4.11 have similar trends with plateaued and decreased tumor growth after
treatments. Boxes B and C show animals that had been treated with immunoconjugates of TARs
4.58 and 12.9, respectively. Box D in the bottom right shows animals that were treated with
untargeted aPD-1. The critical finding from this experiment was that the TL immunoconjugates

retained functionality as immune modulators.

109

www.manharaa.com




4000 A. Untreated

w
o
(=3
o

2000

1000

Tumor Volume (mm?)

0
0 10 20 30 40 50

Days post-tumor inoculation

3000 C.D13B, TAR 12.9

2000

1000

Tumor Volume (mm?)

0
0 10 20 30 40 50

Days post-tumor inoculation

4000

3000

2000

1000

Tumor Volume (mma)

B. D13A, TAR 4.58

0
0

10 20 30 40 50

Days post-tumor inoculation

4000

3000

2000

Tumor Volume (mm3)
=)
[=]
(=]

0

D. aPD-1

0

10 20 30 40 50

Days post-tumor inoculation

Figure 4.11. Comparison of immune modulator efficacy with and without TL in a mouse model.
Experiment performed by Hong Zheng (Beg Lab).

4.3 Conclusions

In summary, we have shown how simple modifications to a known peptide TL can make

them amenable to bioconjugations with proteinaceous molecules. Furthermore, the addition of

fluorescent dye was shown to aide synthesis ease and characterization of products. The dye also

yielded information about biodistribution and pharmacokinetics of the final immunoconjugates.

This work outlines how TARs can be controlled through simple manipulations of buffers and

targeting ligands. Finally, peptide ligands were shown to be able to target biomolecules 100 times
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larger than themselves to extracellular targets, while retaining the functionality of the
biomolecules.

The experiments and immunoconjugates in this chapter demonstrate a novel manner in
which peptide ligands can be used to deliver and concentrate immunomodulators to targeted cells.
Not only does this project expand upon currently approved therapies for devastating diseases, but
these conjugates open up a new platform technology. Going forward peptide, TL could be coupled
not only with checkpoint inhibitors, but other immune modulators like interleukins or even
engineered antibody fragments. Other advances in this field might include site-specific
modifications to the biomolecules. Ultimately this pioneering work holds much promise for

improving current immunotherapies.

4.4 Experimental

4.4.1 Materials and Instrumentation

All purchased solvents and reagents were obtained at ACS grade or higher purity level and
used without further purification unless specified otherwise. Antibodies were purchased from
BioXCell (www.bxcell.com). Fluorescent dye was purchased from Lumiprobe. Peptide coupling
reagents and amino acids were obtained from either Chem-Impex or AnaSpec. Distilled NMP
(99.96%) was purchased from Chem-Impex. Tentagel Resin was obtained from Rapp Polymere.
HPLC grade Acetonitrile was purchased from or Fisher was used for HPLC and de-ionized water

was processed by Millipore Milli-Q water purifier for HPLC.

A Varian solvent delivery module with Dionex UVD340U diode array detector was used

for preparative HPLC chromatography. Analytical scale HPLC was performed using either a
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Dionex P680 system or an Agilent 1200 system, both with quaternary pumps, autosamplers, and
diode array detectors. Mass spectral analysis was performed with either Agilent 6540 QTOF with
dual Jet-Stream ESI source coupled to Agilent 1260 Infinity HPLC, Agilent LC/MSD VL single
quadrupole with Agilent 1100 series HPLC, or Applied Biosystem 4700 MALDI-TOE-TOF
proteomics analyzer with 355nm Nd:YAG laser. Peptides were lyophilized on a Labconco Freeze
Dry/Shell Freeze System. Absorbance and Fluorescence measurements were taken on a Tecan

Infinite M-1000 PRO multimode microplate reader.

4.4.2 Experimental Procedures

4.4.2.1 Targeting Ligand (TL) Synthesis. Peptide TLs were synthesized with conventional
N”%Fmoc solid phase peptide synthesis according to Scheme 4.1. Standard TentaGel Rink amide
resin (0.5-1 g) with substitution of 0.24 mmol/g was swollen in DCM (10-15 mL) followed by N-
methyl-2-pyrrolidinone (10-15 mL). All mixing resulted from gentle agitation of bubbled Ar (g) in a
glass-fritted peptide reaction vessel. Fmoc-protecting groups were removed by reaction with 20%
piperidine, 2% DBU in NMP for 15min (x2). Following Fmoc deprotection, a typical washing
step consisting of 15 mL each: NMP (3x), DCM (3x), NMP (3x) was performed. Next Fmoc-
Lys(Alloc)-OH (5x eq) was coupled for 2 h with activation from HCTU (5 eq) and NMM (15 eq).
Qualitative Kaiser Assay was performed on several resin beads to ensure complete reaction. This
cycle of washing, Fmoc-deprotection, washing, and coupling was repeated for the Fmoc- 1,2,3,4-
tetrahydroisoquinoline-3-OH (TIC). The next amino acid (4 eq), Fmoc(2,6-diMethyl) Tyrosine-OH

(Dmt), was coupled for 2 h after preparing the symmetric anhydride with DCC (2 eq). The
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scrambled TL was synthesized in an analogous fashion by reversing the order of amino acids:
Fmoc-Dmt-OH, Fmoc-Tic-OH, Fmoc-Lys(Alloc)-OH.

The N-terminus of each on-resin intermediate was dimethylated through reductive
amination in Ar (g) agitated NMP. Three hundred microliters of 37% formaldehyde per gram of
resin was added to the reaction along with NaCNBHj; (5eq). Catalytic AcOH was added dropwise
and the reaction was left for 4 hours.

After methylation, the alloc protection group was removed by treatment with Pd(0)(PPh;),
(5 mol%), 5 drops of piperidine, and 10 mL DCM for 1 hour. The resin was washed in the typical
manner, with the addition of 2x 15 mL, 5 mol% sodium diethyldithiocarbamate in NMP and 10%
DIEA. Qualitative Kaiser assay and a small-test cleavage for MALDI-TOF analysis were used to test
peptide purity. At this stage, the peptide was either branched once more with the HCTU activated
coupling of Fmoc-Lys(Alloc)-OH or capped by discrete PEG monomer. After the former, the alloc
group was removed as previously described. The symmetric anhydride of dPEG monomer was
synthesized as described by DCC condensation and coupled to the resin. Finally, peptides were

cleaved from the resin with a cocktail of TFA, H,O, and triisopropylsilane (95:2.5:2.5, v/v).

Peptides were characterized and purified by RP-HPLC, followed by MALDI-TOF analysis
and lyophilization as described in chapter 2. For compounds 4.2 - 4.5, pure peptide powder was
reconstituted in acetonitrile (1 mL) with Cyanine5.5 NHS ester (1.2 eq) and TEA (10 eq). The
reactions were monitored for completion by linear gradient HPLC. Once starting material was
consumed, the acetonitrile was diluted with H,O, frozen, and lyophilized. The resulting blue
powder was purified by semi-preparative HPLC with a linear gradient of H,O and ACN with 0.1%

TFA. Fractions with purity greater than 95% were collected by hand, frozen and lyophilized.
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Finally, dried blue powder was activated with either N-hydroxysuccinimide or N-
hydroxysulfosuccinimide. This reaction was carried out in minimal ACN with EDAC (5 eq) and
NHS/sulfo-NHS (5 eq). Once again the reaction was monitored by retention time shift on a linear
gradient of HPLC and once complete, purified by HPLC and lyophilized. The final, activated,
peptide TLs (Table 4.1) were dissolved in dry DMSO to make 5 mM stock solutions. They were

protected from UV light and kept at -20 °C until use.

4.4.3.2 General Antibody Conjugation Protocol.  Immunoconjugates were prepared in
buffered aqueous solutions with organic solvent modifiers. The generalized reaction media that
resulted in the most efficient reactions consisted of 50 mM phosphate buffered to pH 8 with 50%
ethylene glycol. Purchased antibodies were first exchanged (2x) into phosphate buffer by
centrifugation in Vivaspin 6 or 20, 30kDa MWCO tubes (GE Healthcare). Then the antibodies
were reconstituted to 4 mg/mL in the 50% ethylene glycol, phosphate buffer. Ten to twenty
equivalents of activated TL stock solution (5 mM) were added dropwise to the mechanically stirred

solutions. The reactions were protected from light and stirred overnight at room temperature.

4.4.3.3 General Immunoconjugate Purification Protocol. The crude reaction solution
was first concentrated by centrifugation in Vivaspin 20, 30kDa MWCO tubes. Samples were
loaded into the upper section of the tube and diluted with 1x DPBS; then spun at 4000 for 40 min
at 25 min. This resulted in a concentrated solution of about 2 mL to load onto the size exclusion

columns.

114

www.manaraa.com



PD-10 (GE Healthcare) desalting columns containing 8.3 mL of prepacked Sephadex™ G-
25 size exclusion gel were used to separate conjugated antibodies from excess targeting ligand.
Prior to loading, the columns were equilibrated with 25 mL mobile phase, 10% ethanol in 1x
DPBS. The crude samples were loaded onto PD-10 column as a concentrated band and allowed to
penetrate the column bed before the addition of more mobile phase. Then the column was
allowed to run by gravity and ~ 1 mL fractions were collected manually. Two sets fractions with
clear blue tint were collected for each respective immunoconjugate.

Due to its larger molecular weight, the first band of blue fractions was combined and
further characterized by SEC-HPLC. The Agilent analytical HPLC system was coupled with
TSKgel SuperSW3000 size exclusion column (30cm x 4.6mm, 4um) to assay components in eluted
fractions. Analysis was done by injecting 50 pg of compound on an isocratic elution of 50%
ACN/H,0 and 0.1% TFA at 0.3 mL/min flow rate. Eluent was monitored by absorbance at 280
nm and fluorescence at 352/708 nm (emission and excitation respectively). Figure 4.5 shows
typical separation of free targeting ligand, free antibody, and immunoconjugates. The combined
fractions were then exchanged into 1x DPBS through 3 centrifugation steps with Vivaspin 20,

30kDa MWCO tubes. Final immunoconjugates were stored at 4 °C and protected from UV light.

4.4.3.4 Immunoconjugate TAR Determination: UV/Vis. Absorbance and fluorescence
emission spectra were measured for TL, antibodies, and immunoconjugates. Samples were spotted
(4 pL) in triplicate on a Tecan Nanoquant plate with a pathlength of 0.05 cm. Blanks were
subtracted from sample measurements. Absorbance measurements were collected from 230 to

1000 nm with a 2 nm step size. Emission spectra were collected from 500 to 850 nm with 2 nm
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step size and 361 nm excitation wavelength. Extinction coefficients were calculated at 280 nm and
688 nm by plotting the linear regression of serially diluted samples from 0.1 - 2 mM.
Manipulation of the Beer-Lambert equation, A = € x ¢ x | (A, absorbance at specified wavelength; &,
extinction coefficient; ¢, concentration; 1, path length) was used to give the following systems of
equations where the TAR could be solved for by determining the ratio of concentrations of

peptide to mAb.

Aogonm= (8280nm,Pep X Cpep + €280nm, mab X CmAb)

Aggonm= (8680nm,Pep X Cpep + €680nm, mab X CmAb)

4.4.3.5 Immunoconjugate TAR Determination: Mass Spectrometry. Antibodies and
immunoconjugates were prepared for mass spectral analysis by deglycosylation using PNGase F
enzyme. Proteins were exchanged into 40 mM HEPES buffer, pH 7.5, at concentration of 2
mg/mL. Enzyme was added (500 units/100 pg) and each solution was incubated at 37 °C for 24
h. Finally the solution was diluted 1:1 with mobile phase from the SEC separation (50% ACN +
0.1% TFA).

The QToF instrument was coupled with the SEC column on the front end HPLC as
previously described. The dual Jet Stream ESI mass spectrometer source was set according to the
parameters in Table 4.5. Antibody and immunoconjugates were injected 20 pg per experiment

and eluted under isocratic condition of 50% ACN + 0.1% TFA at 0.3 mL/min. Data was collected
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in 2 GHz extended mass range mode (1000-8000 m,/z) using MassHunter Workstation Version

B.05.01.

Analysis of antibodies and immunoconjugates was performed with Agilent MassHunter

Qualitative Analysis version B.05.00 with Bioconfirm. The analysis method was set to

BioConfirnlntactProteinHighMass-default. Regions of protein elution in the TIC (total ion

chromatogram) were manually integrated, extracted, and background subtracted. Each resulting

spectrum was subsequently deconvoluted using the Maximum Entropy feature. The mass range

was set to 130-160 kDa with a mass step of 1 Da and a S/N threshold of 1.0. Proton adducts with

an average mass of 25% peak height were specified.

Table 4.5. Source and TOF parameters used for antibody and immunoconjugate MS analysis.

Parameter Setting
Gas Temperature 300 °C
Drying Gas 13 L/min
Nebulizer 45 psig
Sheath Gas Temp 400 °C
Sheath Gas Flow 12 L/min
Capillary Voltage 5500 V
Fragmentor Voltage 300V
Skimmer Voltage 250V
Octopole RF Peak 750V
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4.5 Targeting Ligand Structures

HO

N
N
\
07 > NH
H,NOC

N,N-DiMethyl-Dmt-Tic-Lys(dPEG5-NHS)-CONH, Targeting Ligand, 4.1
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HO

NH

N,N-DiMethyl-Dmt-Tic-Lys(Lys(Cy5.5)-dPEG5-NHS)-CONH, Targeting Ligand, 4.2
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HO

~N 803-Na+

N,N-DiMethyl-Dmt-Tic-Lys(Lys(Cy5.5)-dPEG5-SulfoNHS)-CONH, Targeting Ligand, 4.3
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HO

NH

N,N-DiMethyl-Dmt-Tic-Lys(Lys(Cy5.5)-dPEG13-NHS)-CONH, Targeting Ligand, 4.4
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N,N-DiMethyl-Lys(Lys(Cy5.5)-dPEG5)-Ticc Dmt: CONH,, Scrambled Targeting Ligand, 4.5
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APPENDIX A:

SELECTED MASS SPECTRA AND HPLC CHROMATOGRAMS OF PEPTIDE TARGETING

LIGANDS

Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 975.6, 51848]
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Figure A2.1 MCIRL; Mass Spectrum
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Data' File C:\CHEM3IZ\1\DATA\MLO\MLD 2016-07-18 13-43-17\MLD-D34-1L1.D
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Figure A2.2 MCIRL; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087

4700 Reflector Spec #1[BP = 1210.6, 15680]
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D:\Mclaughlin\May-2014\Samples_05_2014\McLaughlinLab-May-2014\MLD-B34-MC1RL-FBA-L1.t2d

Printed: 16:27, May 27, 2014

Figure A2.3 MC1RL-Ahx-FBA; Mass Spectrum
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Operator.Administrator Timebase:SYSTEM_1_HPLC Sequence:MLD-MC1R Page 1-1
5/27/2014 3:27 PM

14 MLD-B34-B34-MC1RL-Ahx-FBA_F7

Sampile Name; MLD-B34-B34-MC1RL-Ahx-FBA_F7 Injection Volume: 50.0

\ial Number: RB7 Channef: uv VIS 1
Sampie Type: unknown Wavelength: 222
Conidrof Program:  Exploratory gradient_MLD-2-60_20min Bandwidth: 1
Quantif Method:  default Ditution Factor: 1.0000
Recording Tims:  4/23/2014 14:39 Sample Weight: 1.0000
Run Time (min):  37.00 Sample Amount; 1.0000
369 MLO-MCTR 214 fmodified by Administrator] Uy VIS 1
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Chromeleon (c) Dienex 1996-2001
default/Integration

Version 6.50 SP3a Build 986

Figure A2.4 MC1RL-Ahx-FBA; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1463.8, 12899]
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Figure A2.5 MC1RL-Ahx-DTPA; Mass Spectrum
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Qualitative Compound Report
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Figure A2.6 MC1RL-AhxDTPA:Eu; Mass Spectrum
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Operator:Administrator Timebase:SYSTEM_1_HFLC

Sequence:MLD-MC1R

Page 1-1
12312013 3:28 PM

4 MLD-MC1RL-B13-V1-F16
Sample Name: MLD-MC1RL-B13-V1-F16 fnjection Volume: 100.0
Vial Nurnber: RA4 Channel: Uy vis_1
Sample Type: unknown Wavelength: 222
Controf Program:  Exploratory gradient_MLD-2-60_20min Bandwidth: 1
Quantif. Method:  default Dilution Factor: 1.0000
Recording Time:  12/2/2013 16:30 Sample Weight: 1.0000
Run Time (min): 37.00 Sample Amount: 1.0000
150 MLD-MC1R #4 [mocified by Administealor] _ MLD-MC1RL 813V1-F16 o ._wws |
mAL WWL:222 nim|
] 2-19.572
iz
75
63
0’ J |
3 ! g
25 [ !
1 \ i |
13 \\ {
N | Y A T |
. e T /\ | |
205 T T T T T T 1——5“15‘ 3
a0 50 10.0 150 200 250 30.0 o
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min % n.a.
1 19.02 na. 1.289 0.401 1.68 na. BM =
2 18.57 n.a. 86.499 23.530 88.31 na. mMB*
3 20.74 n.a. 0.089 0.003 0.01 n.a. BMB
Total: 87.856 23834 100.00 0.000
Chromeleon (c) Dionex 1996-2001
default/integration Version 6.50 SP3a Build 986

Figure A2.7 MC1RL-Ahx-DTPA:Eu; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1474.9, 1244]

14749038

100 12437

70

% Intensity
3

20-

7
14968717

F1612.9576

A . I L Ly
aJD.ﬂ 11826 1765.2 23478 29304 3513.0
Mass (m/z)
Printed: 14:36, February 11, 2014
D:\Mclaughlin\Jan-2014\McLaughlin Lab\McLaughiin Lab-Dec2013\MLD-B26DOTA-V1F15-b.t2d

Figure A2.8 MC1RL-Ahx-DOTA; Mass Spectrum
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age 1-1

Sequence:MLD-CD38L-CtermDTFA P
2/26/2014 10:04 AM

Operator:Administrator Timebase:SYSTEM_1_HPLC

36 MLD-B26-DOTA-L1
Sample Name: MLD-B26-DOTA-L1 Infection Volume; 100.0
Vial Number: GA1 Channel: uv_Vvis_1
Sample Type: unknown Wavelength: 222
Controf Program: ~ Exploratory gradient MLD-2-60_20min Bandwidth: 1
Quantif. Method:  default Dilution Factor: 1.0000
Recording Time! 21512014 13:29 Sampls Weight: 1.0000
Run Time (min): 37.00 Sample Amount: 1.0000
; MLD-CO36L-ClermDTPA #36 [modifisd by Adminlstrater] e e o NGNS
mALH WhL:222 nm
3. 18,936
500+
400+
300
200+
100 |
O |_,QL"WI P — =
N 7 T T T ; T mi
o.i 5.0 10.0 e LB 20.0 25.0 0.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAUmin i n.a.
1 18.49 n.a. 3.481 0.708 0.43 m.a. BM *
2 18.69 n.a. 5.362 0.643 0.39 n.a. M*
3 18.94 n.a. 523.364 164.735 99.19 n.a. MB*
Total: 537,208 166086 100.00 0.000
Chromeleon (¢} Dionex 1996-2001
defaultiintagration Wersion 6.50 SP3a Build 986

Figure A2.9 MCI1RL-Ahx-DOTA; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1474.9, 2608]

w
w
(=]
(=1
~
P
=
0 | 2608.3
o
ao‘
701
60~
z
5
i3
3 50
=
=]
i
30
| | &
20- L
ol = M~
@ 2 2= § s =]
— o z
58 o & H 0@ o
et =Bl 287 o
10 S8 gH 2”8 S
- = - @ | o
L 7 LIF { Il;_ 8 l_l l 1N |
17 ST Y S 2406.2 2958.6 S 35110
Mass (m/z)
Printed: 09.48, Seplember 09, 2016
O gl ‘Jan-20 . 11_2015WMel i Dec2015H J-11-129-1-27 12d

Figure A2.10 Scrambled-MC1RL-Ahx-DOTA; Mass Spectrum (prepared by Dr. Hunjoo Kil)
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Data File C:\CHIM32\1ADATAN2016~-TANURRYNHI-IIT-151~-MC1RL.
Sample Wame: HJ-IIT-151-MC1RL

Acg. Operater ¢ SYSTEM
Acqg. Instrument : 1260 HPLC Locatian =
Injection Cate = 1/20/2018 11:22:23 BEM
Inj Volume : No inj
hAcg. Method 1 C:\CHEM32\1\METHODS\MLD=-2=-2-&0 20MIN 1ML.M
Last changed + 1/15/2016 11:07:02 AM by SYSTEM
Analysis Melhod : C:M\CHEM3Z2\1AMETHODSADEF LC.M
Last changed i 8/9/201¢ 9:42:32 AM by SYSTEM
Sample Infa L et M T s e A

Additional Info : Peak(s) manually integrated

VWD A, Wavelength=220 nm (2016-JANUARYHJ-T-151-MC 1RL.D) K : |
maAl - 3
2500 ‘
!
' |
|
| 1500 |
1000 ‘
i ' I
500 i !
p 1B |
i L] +
L )
Q - II| .l._;' " S A S i e T ==k
| T I g w T v T w T T - n T T i ) 1
T e G il 1% 20 25 __ min
Area Percent Repert
Sorted By : Signal
Multiplier: 1 1.0000
Cilutiaon: # 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: VWDl A, Wavelength=220 nm
Peak RetTime Type Width Area Height Brea
4 [min] [min] [MAD* 5] [m&LT] %
Tl [l]os ==t i o [eras=e [ |
1 17874 VN 0.1718 294,67816 24.5B476 0.7953
2 18,387 VvV 0.1%60 3.63469e4 2966,29150 96,1011
3 14.761 VB 0.1388 408.0ETZ5 42 . 6ET6E3 1.183%
Totals : 3.70505=4 3033.55288
1260 HBLC $/9/2016 9:59:36 AM SYSTEM Page Lo 4

Figure A2.11 Scrambled-MC1RL-Ahx-DOTA; HPLC Trace (prepared by Dr. Hunjoo Kil)
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1479.9, 9430]

~
™
>
o]
o
¥
100 1 | 9.4E+:
a0-
80
70 .
60
=
w
<
2 50
= |
= f i
4
40 ;
10
204
) @ & = @ - o © ke @
10, 3 8 o § 2 ¢ 5 8 3 23 2 3 8 @ & = 5 &
2 8 3 & 2 2 a § &8 S8 5 5 8 =2 s & § 32
o g = o % o 9 o= < & 8 B ) - o &
2 g = 3 8§ ¢ % % g 285 & 8 8 & = &£ =
s il Tl s e e e = | VRS G P 1y T -, o i
?399 1383 1457 1531 1605 1679
Mass [miz)

Printed: 10:16, September 09, 2016
D' Melaughliniduly-2014\Samplesel aughlin_lab-July141MLD-BA7-05-MC1RL-DOTAcrude t2d

Figure A2.12 MC1RL(D5)-Ahx-DOTA; Mass Spectrum
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Operator:Administrator Timebase:SYSTEM_1_HPLC Sequence:CD38-SAR-peptides

Ly

Page 1-1
8102014 111 PM

89 MLD-B87-DSMC1RLDOTA-F18

Sample Name: MLD-Ba7-DSMC1RLDOTA-F18 Injection Yolume: 100.0
Vial Number; RA3 Channel; uv_vis 1
Sample Type: unknown Wavelength: 222
Controf Program;  MLD-2-60_20min Bandwidth: 1
Quantif. Method:  default Dilution Factor; 1.0000
Recording Time:  8/9/2014 17:17 Sample Weight: 1.0000
Run Time (min):  37.00 Sample Amount; 1.0000
250 CO36-SAR-peptides #89 [modified by Administrator] UV VIS 1
|mau WVL:Z22 ni
200} 1-19.063
160+ {
] E
100
] 1 :
] |
o+ .- A/
_ e (B
| 1 N/
[ ol i
i BOLe— e T T - filiia e P T o
| a0 50 10.0 15.0 200 250 30,0 7.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAlU  mAU*min % n.a.
1 19.06 n.a. 187.144 58.528 100.00 na. BMB
Total: 187.144 58.628 100.00 0.000
Chromeleon (c) Dionex 1996-2001
default/integration Version 6.50 SP3a Build 986

Figure A2.13 MC1RL(D5)-Ahx-DOTA; HPLC Trace
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Bample Name  MLD-B28 L= Position PL-B2 Name  Insh 1 User Name

Inj Vol 0.5 InjPosition SampleType Sample IRM Calibration Status Success

Data Filename  MLD-BZB_La-lul.d ACQ Method direct_injection-Man Comment Acquired Time 2/24/2014 4:55:02 FM
%10 2 Cpd 2: C72 H100 La N18 O15: + FBF Spectrum {0 101-0 282 min) MLD-B28_l a-1ul .d Subtract

537.5575.
(M+3H)+3

0.85
0.9 4
D.85

0.8

.26 805.8313
o (M+2HY 2

0.65 |
0.6
0.55 |
0.5
0.45 1
0.4
0.35
0.3
0.251
0.z

0.15

0.1

0.05 | 1610.6553
M +1H)+

500 600 700 200 800 _ 1000 1100 1200 _ 1300 1400 1500 1600

Figure A2.14 MCI1RL-Ahx-DOTA:La; Mass Spectrum
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Operator:Administrator Timebase:SYSTEM_1_HPLC Seguence:MLD-CD38L-CtermDTPA

Page 1-1
2/21/2014 1:15 PM

52 MLD-B28-MC1RL-DOTA-La
Sample Name: MLD-B28-MC1RL-DOTA-La Injection Volume: 100.0
Viaf Number: BB4 Channel: uUv_ VIS 1
Sample Type: unknown Wavelength: 222
Control Program:  MLD-10-60_40min Bandwidth: 1
Quantif, Method:  default Ditution Factor; 1.0000
Recording Time: 2{20/2014 19:50 Sample Weight: 1.0000
Run Time (min);  57.00 Sample Amount: 1.0000
ik MLD-CD38L-ClemnDTPA #52 [modified by Administeator] UV vis 1
mal WVL:222 nim
60,
1-24.238
50.
40.0+
.d/
o i
1 10,04
o O—V—"‘"\ f\_/
T . ey S ) , ; — e i
;oo 50 10.0 15.0 200 26.0 0 50 4an.0 46.0
MNo. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min % n.a.
3 24.24 n.a. 35.746 13.687 100.00 n.a.  BMB®
Total: 35.746 13.687 100.00 0.000

Chromeleon (¢} Dionex 1896-2001

default/Integration Version 6.50 SP3a Build 986

Figure A2.15 MC1RL-Ahx-DOTA:La; HPLC Trace
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Sample Name
Inj Vol
Data Filename

MLD-B27_Ga
0.5
MLD-B27-GA-1uL.d

Position
InjPosition
ACQ Method

P1-B1

direct_injection-Man

Instrument Name
SampleType
Comment

Instrument 1
Sample

User Name
IRM Calibration Status
Acquired Time

Success
2/24/2014 4:47:11 PM

x10 1 |Cpd 1: ©72 H100 Ga N19 O15: + FBF Spectrum (0.113-0.288 min) MLD-B27-GA-1uL.d Subtract
9.5 514.8989

ol (M+3H)+3
8.5
8
7.5
74
6.5
6
5.5
5 |
4.5
4]
3.5
3 771.8428
el (M+2H)+2
2] i
1.5] !

14

0.5
(M+)+

1 1540.6762
04 l 4
-0.54

-14

500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

Figure A2.16 MC1RL-Ahx-DOTA:Ga; Mass Spectrum
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Operator:Administrator Timebase:SYSTEM_1_HPLC Sequence:MLD-CD38L-CtermDTPA

Page 1-1
2/21/2014 1:16 PM

51 MLD-B27-MC1RL-DOTA-Ga
Sample Name: MLD-B27-MC1RL-DOTA-Ga Injection Volume: 100.0
Vial Number: BB3 Channel: uv_vis_1
Sample Type: unknown Wavelength: 222
Control Program: ~ MLD-10-60_40min Bandwidth: 1
Quantif. Method:  default Dilution Factor; 1.0000
Recording Time:  2/20/2014 18:50 Sample Weight: 1.0000
Run Time (min):  57.00 Sample Amount: 1.0000
MLD-CD38L-ClermDTPA #51 [modifisd by Adminisbraler] s
f B mau Lmodtid bu T wNL2Zz o
!
[ 40.04
: 1-25616
| 30.0
l 20,04
_.--"'F‘_ﬂ-
10.0 f
0.0 \'\
mif
86 S e e : :
00 100 15.0 25.0 300 350 40.0 450
No. | Ret.Time Peak Name Helght Area  Rel.Area Amount Type
min mAU _ mAU*min Y n.a.
1 25.62 n.a. 25.020 9.088  100.00 n.a. BEMB*
Total 25.020 5.088 10000 0.000
Chromeleon (¢} Dionex 1996-2001
default/Integration Version 6.50 SP3a Build 866

Figure A2.17 MC1RL-Ahx-DOTA:Ga; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1624.8, 4375]

1624 8048

100 4374.7

=]
;
16228030

% Intensity
s

: ]

i ! |1
Y ‘

ina
L |

| i
Lo J
‘ e e R e SR L S s

!

16388075

N e M o B el s 5 310 - S Vol s oy _,H_._.l ".'J\.'\JI‘J I"'.ruf'

+ 7 e T
610 1616 1622 1628 1634 1640
Mass {miz)

o

: Printed: 12:41, February 15, 2016
o in\an-20 ples_11_2015McL Dec2015MLD-DE-F4-L1.12d

Figure A2.18 MC1RL-Ahx-DOTA:Eu; Mass Spectrum
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a File C:\CHEM3Z\L\DATA\MLDAMLD 2016-02-12 17-39-54\MLD-DE-11.D
mple Mame: MLD-DA-L1

Acag. Operator £ Seq. Line : 2
Acg. Instrument @ Instruament 1 Location @ Vial 52
Injection Dage ¢ 271272016 6:33;15 PM T} % &
Tnj Volume : 10.0 ul
Cifferent Inj Volume from Sequence | Actuzal Inj Volume : 20.0 pl
Acg, Method : C:\CHEM32%1\DATA\MLDAMLD 2016-02-12 17—54—54\[*1LD~2—15—60__20HIN_].—PIIIE.M
Last changod s ALIE0Te 123047 BM
Analysis Mechod : C:\CHEM32%1\HMETEQCLS\MLD-2-20-40 ZOMIN 1.M
Last changed + 172572016 6312:07 EM
Additional lnfo : Peak{s) manually integrated )
a DADH A, Sig=364.4 Re=3560,100 (MLDWALD 2016-02-12 1784 54MLD-D8-L1.0)
mALl
A
Ry,
60 "
(ol
40 - [
II II
20 i
L1 [ ——— R B e —— — ik s DU S I —
T . — ; i
5 18 25 mir
DAl C, Slg=220,8 Ref=360,100 (MLD'MLD 2016-02-12 17-54-54MLD-06-L1.0)
mALl
BOO | =
i 1 1
i 800 | | |
a0 /1
200 { § §
oA~ f e e
200 o e
.4OD_ ¥ ¥ ] T \‘/"’ ¥ L | y ¥ 1 H \f % T Ly ¥ A s T T A LS
| 5 1 10 1§ 20 25 ¥ i
( DADT G, Sig=280,16 Raf=360,100 (MLDWLD 2016-02-12 17-54-54MLD-DE-L1 D) -
makl
140 E’
1204 a
100 | | '||
80 {
g0 ] | l,|I
| 4':'_: ,' [’
20 | ;
04 e e -t e s el i
T T 1 T T T T T T T T T T T ' e e N |
5 10 15 20 25 min
Fraction Information
Fraction colleection off -
Ne Fractions found.
Instrument 1 2/18/2016 10:;25:32 RAM Page 1 of 2

Figure A2.19 MCI1RL-Ahx-DOTA:Eu; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1586.7, 17522]

-
@©
(=]
3
w
L)
°
o0 1.8E+
90+
80
70
60
=
”
e
8 50
E
=
40
304 |
20-
© o =
& = = &
10 @ 5 8% 2 s 2
g = 3 8 g s 8
7 2 = - - =
o ©
. HUW I e I, i e
1559 1575 1591 1607 1623 1639

Mass (miz)

Printed: 15:58, May 26, 2016
D:\Mclaughlin\May-2016\Samples_04_2016WcLaughlin-Morse_April-2016WC 1RL-Ahx-DOTA-In.t2d

Figure A2.20 MC1RL-Ahx-DOTA:In; Mass Spectrum
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Data 4£ile C:\CHEM32\1\DATA\MLD\MLD 2016-05-24 14-46-37\MC1RL-AHX-DOTA-IN_T20MIN.D
Sapple Name: MCIRL-Ahx-DOTA-In_T20min

Acqg. Operator : Seq. Line : 4
Acq. Instrument : Instrument 1 Location : Vial 62
Injection Date : 5/24/2016 4:25:55 BM Inj : 1
Inj Velume : 10.0 nl
Different Tnj Volume from Sequence ! Actual Inj Volume : 5.0 nl
Acq. Methed : C:\CHEM32\1\DATA\MLD\MLD 2016-05-24 14-46-37\MLD-2-60_20MIN_1.M

Last changed : 5/24/2016 2:38:53 PM
Analysis Method : C:\CHEM32\1\METHODS\MLD-2-100 10MIN 1.M
Last changed : 4/19/2016 10:19:54 AM
DAD1 A, Sig=254,4 Ref=360,100 (MLD\MLD 2016-05-24 14-46-37\MC1RL-AHX-DOTA-IN_T20MIN.D)

mAU _i %
i

404 ‘
30 ‘\

| 2
=]
l \, &
o
T e
T T

: ' : ! : r T ' . T T : : : : ' ! v T :

0 5 10 15 20 mir|
DAD1 C, Sig=220,8 Ref=360,100 (MLD\MLD 2016-05-24 14-46-37\MC1RL-AHX-DOTA-IN_T20MIN.D)

mAU 1

= N
o o o
L | |
16.858

1000 -
800
600
400
200 i ™

T T T T T T T T T T T T T T T T T

mAU ] %
1204 %
100 4 |
804
60

|
40 5 '
o ¢l
o P A

y T T T T T T T T T T T T T T T

5 10 18 20 mit

0
PMP1, Solvent C

T T T :
0 5 10 15 20 min

Fraction Information

Fraction collection off

No Fractions found.

Instrument 1 5/24/2016 5:16:16 PM Page 1 of 2

Figure A2.21 MC1RL-Ahx-DOTA:In; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1619.9, 9112]

[v:]
=3
o
@
@
100 ®
o ;
| * 9.1E+:
|
a0
80 ‘
70- .
60-
—
@
c
L 50
£
22
40
30-
|
20
i o1
. ey
o - w 9 - g} S oo
10 & S § 58¢|3zsgd g
o © r~ Lo FlEs @B -
o w3 b2 g = = [l = i -
& ~ w T O L‘h“(c‘ o~ T -
= o 1] b [ @
0 UL W RS — ___i.;mﬁefﬂé-_ o _J"-L*él.-:‘——fu = P
699.0 1060.8 1422.6 1784.4 2146.2 2508.0
Mass (m/iz)
v Printed: 09:53, September 09, 2016
DMl 16\Samples_11_2015Wcl Dec201 5WHJ-111-156-3 12d

Figure A2.22 MC1RL-diDGlu-DOTA; Mass Spectrum (prepared by Dr. Hunjoo Kil)
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Data File C:\CHEM32\1\DATA\Z016-MARCH\HJ-III-153-BEPFTIDE.D

Sample Name:

HI<I'LI<153~PEETIDE

Acg. Operator
Instrument

Acg.

Injection Date

Aog. Method
Last changed

Enalysis Method
Last changed
Sample Info

P

e o

Additional Info :

SYSTEM
1260 HPLC
372172016 a:05:40 EM

Logation @ =

Inj Volume : Ng inj
C: \CHEM32\1\METHODSAMLD-2-2~-60, 20MIN 1ML.M
3/21/2016 4;52:31 BM by SYSTEM

{modified after lcading)
C:\CHEM32\1\METHODS\DEF_LC.M
9/9/2016 9;42:32 BRM by SYSTEM

HI-EIT-15

3-FPEFTIDE

Peak{s) manually integrated

VWD A, Wavelength=220 nm (2018-MARCHHJ-11I-153-PEFTIDE. 1)
mAU ﬁ
3000 - i
2500 |
2000 - |
1500 %E
L il (]
L, e T o e L
100 T T T T T T T 0 T T T
- a B R O 15 20 e e A il min|
e P tmE s
Area Fercent Report
Sorted By Signal
Multiplier: 5 1,0000
Dilution: H 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: VWDl A, Wavelength=220 T
Feak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [mAU] %
e e faainl st | et i it e |
1 17.577 BB Q. 1199 Z83.1603T 35.18845 1.1372
4. LT.8ED HE 0.1219 17.82671 2.04042 0.0710
3 18.024 BV 0.0867 Z9B.69257 53.06313 1.18%4
4 18.245 VV 0.1605 2.29380e4 2240,92251 91,3687
5 18,592 vB 0.1385 1567.20288 166.95785 6.2426
1260 HELC 9/9/201¢6 9:58:49% aAM SYSTEM Page T-af 2

Figure A2.23 MCIRL-diDGlu-DOTA; HPLC Trace (prepared by Dr. Hunjoo Kil)
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1731.7, 24215)

P
(=]
~
&
E
o 2.4E+¢
90
|
501
70-
60-
= |
H
=
2 50
£
e i
40«'
|
30- '
20 i
W ()
o o 2 3
P~ b o @ ~ ]
3 b g & o 8 83 3 3
B .= 2R 3 2 b & &
e L wo e L = @ T -] iy
VUL 5 o8 Bl € K
P (% 1) 'I‘J%_., i T S vl 1 LS ra
1735.8 1750.2 1784.6 1779.0
Mass {miz)
2 Printed: 15:59, May 26, 2016
D in\May . 04 hiin-Morse_April-20 16\MC1 RL-4IGIL-DOTA-In t2d

Figure A2.24 MC1RL-diDGlu-DOTA:In; Mass Spectrum (Precursor prepared by Dr. Hunjoo Kil)
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ta File C:\CHEM3Z2\1\DATA\MLDAMLD 2(16-05-25 17-17-CONMCIRL-DISLU-DOTA P2OMIN.
ample Mame: MCIRL-diGlu-DOTA

Aeyg. Operator $ Seg. Line : 1
Acg. Instrument : Instrument 1 Location : Vial 64
Injection Date : 5/25/2016 5:17:18 PM Inj : 1
Inj Volume : 10.0 pl
Different Inj Volume from Sequerice ! Actual Ini Volume : 5.0 pl
Bog. Method ¢ C:\CHEM32)\1\DATA\MLDAMLD 2016-05-2% 17-17-G0\MLD=-2=-60 20MIN 1.M
Last changed 1 5/24/2016 2:38:53 EM
Analysis Method : C:\CEEM32\1\METHODS\MLD-2-1C0_10MIN 1.M
Last changed : 4/19/201¢ 1C:13:54 AM

Additional Info : Peak({s) manually integrated
DAD1 A, Sig=254 4 Ref=360, 100 {(MLD'WMLD 2016-05-25 17-17-00\MCIRL-DIGLU-DOTA_T20MIN D}

o

25
20
155
10

Oy -

B E V v T - B T

a 5 10 15 mir
DADT C, 5ig=220,8 Ref=360,100 (MLDWILD 2016-05-25 17-17-00MC1RL-DIGLU-DOTA_T20MIN.D)

mAL 3
400 1

300 = |
200 = o

§§‘3||
1004 G|
Q =V RS el L I\F_‘_ N s

5 12 b 15
DADA G, Sig=280. 16 Ref=360,100 (MLD'MLD 2016-05-25 17-17-00MC1RL-DIGLU-DOTA_T20MIN.O)

|
i

50
403
304
20
10

PMP1 IS-ST\;QM R T i .

40| : ¢ e

Fraction Information

Fraction ceollection off

Instrument 1 5/25/2016 5:52:21 PM Page 1 of 2

Figure A2.25 MC1RL-diDGlu-DOTA:In; HPLC Trace (Precursor prepared by Dr. Hunjoo Kil)
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1619.0, 617]

@
o
&
100 = 816.8
5 i
a0
S0
70
60+
=
@
E =4
2 50
=
=
20
30
20
[ 2
g B G o 2 @
w3 5 & gag & 3
! S R b = 5
o b 2 [ o
\ J r = il ™ =
N 2 ok b i A |-. L ui..“. il Al " o b Gt i Sl
49 1201 1653 2105 2557 3009
Mass (miz)

) Printed: 09:55. Septamber 08, 2018
OMclaughlinApr-2016\Samples_0d_2018WicLaughlin-Morse_April-20181HJ-I11-155-3b.t2d

Figure A2.26 MC1RL-diDLys-DOTA; Mass Spectrum (Precursor prepared by Dr. Hunjoo Kil)
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Data File C:\CHEM3Z\1\DATANZ016-MARCEARJ-III-155-3-DI-D-LY¥S.D
Sample Name: EJ-III=155-3=Di-D=Lys.D

Arg. Operator SYETEM
Acg. Instrument : 1260 HPLC Location F
[njection Date 4/26/2016 10:48:57 &M
Inj Volume : Ne inj
Acg. Method 1 C:r\CEEM32NINMETHODSAMLD-2-2-60 ZOMIN 1ML.M
lLast changed 1/15/2016 11:07:02 AM by SYSTEM
Analysis Method ¢ C:\CHEM3Z\IMNMETHODS\DEET LC.M
Last changed 2/9/2016 9:42:32 EM by SYSTEM
Zample Info N A G G i o) B LB B
Additional Info : Peak{s) manually integrated
WWD1 A, Wavelenglh=220 nm (2018-MARCHHJ-1-155-3-01-0-LYS )
mAU 3
6Dj
=100 7 1
-150 1
-200
1 Al
| f
-250 B E
] =
4 i
i 300 — 'I| TI A |
| 2 1y i e = |
: i B ; e
BEOA Sf SN
e —
| ] "
— ey i — ] — = . D
... B 5 10 15 20 25 min
Area Percent Beport
Sorted By H Signal
Multiplier: 1.0000
Dilutien: g 1.0000
Use Multiplier & Cilution Factor with ISTDs
Signal 1: VWDl A, Wavelength=220 nm
Peakx RetTims Type Width Brea Height Area
# [min] [min] [malg*s=] [mall] %
e e AR Jieh s e ] il
1 IFA5H BV 0.1723 4%7.02029 40, 80275 13.7297
2 -17.358 %WV 0.1353 2592.70215 295,61655 771.8H95
3 17.810 VB g.1208 278.97114 33.97034 8,3808
Totals : 3328.69354 370.18963
Page Ik g

1260 EPLC 9/9/2016 D9:57:2% AM SYSTEM

Figure A2.27 MCIRL-diDLys-DOTA; HPLC Trace (Precursor prepared by Dr. Hunjoo Kil)
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1361.7, 16548]

~
<«
=
T3
o
o
100- i 11,76+
I
90 I
|
20 i
701 . [
8-
e [ 1
[~ 1
2 50 |
i i
&
40 :
‘ |
30
o
2|8 .
@ [ o © @ |
10 o @5 et 8 2t ‘
w @ G B e = wm
= - ErE 2 aw i
~ sy o L T 8 % |
o = SRR ot Y ks TE T T PO T i
798.0 1078.2 13584 1638.6 1918.8 2199.0
Mass (mfz}
CiMclaughlinVAar-20 ; 04_2016Wckaughlin-Morse_Apnl-2018WMLD-C128-L1 24

Printed: 12:20, Apnil 08, 2016 J

Figure A2.28 MC1RL-DOTA; Mass Spectrum

152

www.manharaa.com




s

Dﬂa\f\'i.;e C:ACEEM3ZAINDAZANMLDAMLD 2016-01-26 11-15-57\MLD-C12B8-FB.D
ample™Name: MLO-C128-F8

Rog. Operator
Acqg. Instrument
Injection Date

Different Inj Volume from Seguence !

Acg. Method
Last changed

Enalysis Method :

Last changed

: Seq. Line : 5
: Instrument 1 Location ¢ Vial &
3 1/26/2016 1:49:09 PM ' s e 34

Inj Volume : 10,0 pl
Actual Inj Volume : 20.0 pl
+ C:\CHEM3ZAI\DATA\MLDAMLE 2016-01-26 11-15-57\MLD-2-20-40_20MIN_1.M
7oL 2542016 612007 BM
C1 NCHEM3Z S 1 \METHODSA\MLD-2-20-40_ 20MIN_1.M
172572016 6:12:07 BM

Additional Info : Feak(s) manually intograted

DAD1 A, Sig=254,4 Ref=360,100 (C:ICHEM32/H\DATANMLDWLD 2016-01-26 11-15-57MLD-C128-F8.0)

i
= ..'/r
25 miry
|
e ; |
e - s 2 Rl e A ."':h|f§ 7 il
S P e e o o T T v Py T T 1 T T T v ' T T T
Q 5 Q 15 20 25 min
DAD1 G, Sig=280,16 Ref=360,100 (C:\CHEM3ZIDATAMLDWILD 2016-01-26 11-15-57\WMLD-C128-F8.[3) H
UL |
60 ;
50
40 |
30 |
20 | |
104 | l'
0 e R o T, - il
T T T R A ST T R e e — v
10 15 20 25  min
PMP1 | Solvem ©
%
i \
60~ \
40 ] T ek |
% e e T |
L
o _‘/'
ol
e S — - : —_— . e — - :
0 B 10 15 20 25
—
Fraction Infermation
Fraction collection off
Instrumont 1 1/27/2016 12:41:50 FM Page 1 of 2

Figure A2.29 MCI1RL-DOTA; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087

70~

% Intensity
8

20-

[1154.6411

4700 Reflector Spec #1[BP = 1497.7, 3850]

1497 6658

1554 6942

13617720
634 7440

3848.8

(1453 6714
{1

0
749.0

1653.4 21056 2557.8
Mass (m/z)

-
"
o
=
(4]

D:\Metaughlin\uly-2015\Samples_05_201SWicLaughiin-05-2015WMDL-CT1-3La-L1.12d

Figure A2.30 MC1RL-DOTA:La; HPLC Trace
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Pags 1-1

Operator:Administrater Timebase:SYSTEM_1_HPLC Sequence:Apri-May 2015
742015 4:36 PM

71 MLD-C71-3La-L1
Sample Name: MLD-C71-3La-L1 Infection Volume: 75.0
Vial Number: BC4 Channei: uv_VvIs_1
Sample Typs: unknown Wavelength: 222
Gontrol Program:  MLD-2-20-40_20min Bandwidth: 1
Quantif. Method:  default Dilutior: Fagtor: 1.0000
Recording Time: T32015 2013 Sample Weight: 1.0000
Run Time (min): 3r.00 Sample Amount: 1.0000
| 107-fattlay 2016371 2016471 [modifed by Administaar] MUDGT1-3arlt B
AL WhL:Z22 nmy
= |
75° ‘
83 :
50 ‘
-j : 2 - 16 860
38 i - i
1 [l I
; | ; |
25 |5 S hyaste e
AN T G SR
| i
i 13] - d | II
| ot i
i |
s ]
i I'U.'I
- mif
3= eprrT e e e T e SR RSB A
0.0 25 §0 15 100 125 154 17,5 0.0 225 262 |
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU min % n.a.
1 16.62 na. 2.828 0469 4.78 n.a. BEM *
2 16.88 n.a. 20.008 §.348 95.22 I.a rMB-
Total: | 22.833 9.815 100.00 0.000

defaultintegration

Figure A2.31 MC1RL-DOTA:La; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1429.6, 8608]

<+ 4
¥ 3
o <
& &
i
100 . s 8607.6
m,‘
a0 |
70
g
Z
£ 50- |
Z ]
£ i
40- [
304
|
‘ ‘ ‘ & o ain 3
10 o 25 | | s 8 ¥l e w =
B g 3 ."i‘l 85 338 3
« W o - 2 o4 o
= & N[ - | T = Iz =
T =2 MMM“M}\M{LAILJW ,,,,,,, i b b fioh ]
1412.0 1419.8 1427 .6 14354 14432 1451.0
Mass (m/z)

Printed: 15:25, July 15, 2015
C:\MclaughiiniJuly-201 8'Samples_05 2015WcLaughlin-05-2015MLD-CT1-2Ga-L1.t2d

Figure A2.32 MCI1RL-DOTA:Ga; Mass Spectrum
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Page 1-1

Operator:Administrator Timebase: SYSTEM_1_HPLC Sequence:Apri-May 2015
742015 434 PM

70 MLD-C71-2Ga-L1
Sample Name: MLD-C71-2Ga-L1 Infection Volume: 75.0
Vial Number: BC3 Channel: uv_vis_1
Sample Type: unknown Wavelength: 222
Control Program:  MLD-2-20-40_20min Bandwidth: 1
Quantif, Method,  default Ditufion Factor; 1.0000
Recording Time:  7/13/2015 19:33 Sampfe Weight: 1.0000
Run Time {min): 37.00 Sample Amount: 1.0000
| gy RbrbMay 2015 #70 [modifed by Adminsiralo] _MLD-C7126a L1 VIS
i maAU WVLI222 niml
75] h
63 |
i
50+ 2-16.101
| n
' i
38 | |
| llf\ lu
e [ !
L | I| = \._\ lf./‘. i A
I 1 2 ez o~ |
134 | ‘ -
I
e \l }
-13 | |
|
\ 4|
00 25 50 125 15.0 175 20.0 262 |
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min % n.a.
1 15.50 n.a. 0890 0.334 218 na. BM
2 16.10 na. 30,764 14.732 96,29 n.a. M
3 17.26 na 0 668 0.234 153 na MB*
Total: : 32.322 15.307 100.00 0.000
Chromeleon (c) Dionex 1996-2001
default/Integration Version 6.50 5P3a Build 5868
Figure A2.33 MCIRL-DOTA:Ga; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1511.7, 3159]

1511.7075

ug i 3159.1

90 |

15097054

% Intensity
&

20

13681.7885

1533.6829

5556759

|

10
!

|

=

—

R,

0 : sty S e
‘.'170.0 13316 1493.2 1654.8 1816.4 19878.0

Mass (m/z)
1 Printed: 12:40, February 15, 2016
a ughliniJan s _11_2015Mcl i Dac201 5MLD-D5-F5-L1.12d

Figure A2.34 MCI1RL-DOTA:Eu; Mass Spectrum
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Data Pile C:\CHEM32\1%\OATA\MLDAMLD 2016-02-12 17-54-54\MLD-D5-L1.D
Sample Name: MLD-D5-L1

Acg. Operator

- Seq. Line : 1
Acg. Instrumert : Instrument 1 Location = Vial 51
Injection Date : 2/12/2016 5:55:12 EM T = 1
Inj Velume : 10.0 pl
Different Inj Veolume from Sequence ! Actual Inj Velume : 20.0 pl
Acg. Method ¢ Ci\CHEM32\I\DATA\MLD\MLD 201€-02-12 17-54-54\MLD-2-15-&0 20MIN_ 1-PHGE.M
Last changed 1 21072016 F:23:47 PM
Analysis Method : C:\CHEM32%\1\METHODS\MLD-2-20-40 Z20MIM 1.M
Last changed 1 L/25/2016 6:12:07 BM
Additional Info : Peak(s) manually integrated
| DADT A, Sig=254,4 Ref=360,100 (MLOWILD 2016-02-12 17-54-64MLD-D6-L1.0)
| MAUi E
60
I=
a0 |
I
1 || III
‘ 20— i
1A
9‘1 ——— \ﬁ—_ TS —— ey
s - 2 : : 7 - : ; t o L - . z o 4
8 10 L e S el
-' DADT C, Big=220.8 Ref=360,100 (MLOWLD 2016-02-12 17-54-54\MLD-D5-L 1.0}
1 mALl é 6@} !
500 - P |
400 - ; ?
200 |
) TR, (S : ;ﬁ| |I |
\ '. o \ s
200 - e T S —_— T T
o
400 = L U' 3 T ' Y L4 y T b 4 ;! 5 T uf i » T " 4 4 "
i B 10 - 15 20 25 ___min
DADT G, 5ig=280,16 Re=360, 100 (MLDWILD 2016-02-1Z 17 54-54ML0-D5-L10)
mAU 1
120 |
100 b
20 i
80 f |
40 | I|I
20 |
e M e i e
S T U v = T - T T T T T T T e
& 10 15 20 25 mir|

Fraction Information

Fraction collection off

No TFractions found.

Instrument 1 2/15/2016 10:25:01 AM Page 1 &f 2

Figure A2.35 MC1RL-DOTA:Eu; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1473.6, 4856]

o
3
@
oy
P~
i
100 | 4B55.5
90\
80 i
70- i .
|
|
.
50
z
£
g 50
=
=
40
30
|
20 )
o f )
g || © 5 2 a 3 ]
10 S s 8 2 2 8 &
| - [ o ~ @ - 8 2
i ’ phadp & 2 % b ) @
| Ll s 1 i Lo
al : i
1443.0 14578 14726 1487.4 1502.2 1517.0
Mass (m/fz)
Printed: 15:59, May 28, 2016
D:AMc: Iy . 0d_2016Mel hlin-Morse_April-201 BMCIRL-DOTA-Imt2d

Figure A2.36 MC1RL-DOTA:In; Mass Spectrum
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Da;;£§ﬁle C: NCHEM32%1\DATANMLDAMLD 2016-05-24 14-46-37\MC1RL-BHX-DOTA-IN_TZOMIN.D

Sapple Name:

MC1RL-A8hx-DOTA-In T20min

Acqg. Operator
Acg. Instrument
Injection Date

Different Inj Volume frem Sequence !

Acg. Method

Seq. Line : 4
; Instrument 1 Location : Vial 62
5/2472016 4:25:55 M Inj : it
Injy Volume : 10.0 pl
Actual Inj Volume : 5.0 pl
i O3 \CHEM32\1\DATA\MLDA\MLD 2016-05-24 14-46-37\MLD-2-60_20MIN 1.M

Last ghanged t 52472016 2138153 PM
Analysis Method : C:\CHEM3Z\1\METHODS\MLD-Z-100_ 10MIN 1.M
Last changed s 471972016 10:19:54 AM

DAD1 A, Sig=254,4 Ref=360,100 (MLDWMLD 2016-05-24 14-36-37 MG 1RL-AHX-DOTAIN_TZ0MIN.D)
mAL 3

Al

)
ot

8888

]

e s v ' 3 T T T T T T T

o@ 8
o LR il

5 et 15
DAD1 C. Sig=220.8 Ref=380,100 (MLDWLD 2016-05-24 14-46-37'MC1RL-AHX-DOTA-IN_TZ0MIN.[1)
mAL &

_r_|_1ir\i

mAL ]

40 =<

3
20— b
: =
s e e et . 3 Iy

20

o
FME1 | Solvanl C
§-

80
80
40- e

L]
=)

o

& ot veda
A
=
=

20

Fraction Information

Fraction collection off

Mo Fractions found.

Instrument 1 S5/24/2016 5:16:16 BM

Figure A2.37 MC1RL-DOTA:In; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 871.5, 36616]

g [~ Pk
2 QM e
@
100 [ 37EH
90-
80-
70
il
g
§ s
E
®
40
g B
©
. g
g8 g
5o 9206 11922 14638 17364 2007.0
Mass (miz)
Printed: 17:00, May 20, 2014
D in\May-201 . 05_2014\MeLaughlinLab-May-2014\MLD-B43cyc 2

Figure A2.38 cMC1RL-B43-cyclic; Mass Spectrum
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Operator:Administrator Timebase:SYSTEM_1_HPLC

Sequence:MLD-MC1R

Page 1-1

5/22/2014 11:03 AM

51 MLD-B43cyc-cMC1RL-L-Phe
Sample Name: MLD-B43cyc-cMC1RL-L-Phe Infection Volume: 75.0
Vial Number: RAS Channel: uv_vis 1
Sample Type: unknown Wavelength: 222
Controf Program:  Exploratory gradient_MLD-2-680_20min Bandwidth: 1
Quantif. Method:  default Ditution Factor: 1.0000
Recording Time: 512012014 17:42 Sample Weight: 1.0000
Run Time (min): 37.00 Sample Amount: 1.0000
o5y MLO-MC1R 61 [mogified by Adminisirator] U VIS 1
jmALl WL:222 nm)
1 4.19.643
4
200
150
100
]
m_
!
= e
-50 (D A T L P T T T T m
00 5.0 10.0 15.0 20.0 250 0.0 37.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min. mAU _ mAU*min % n.a.
1 16.83 na. 5.702 2027 1.41 na. BM
2 17.53 na. 26.343 12.935 8.97 n.a. M
3 18.50 n.a. 10.012 5677 3.83 n.a. ]
4 1964 na 231.082 105514 73.13 n.a. M
B 21,33 na. 15.199 18.067 12.52 n.a. il
6 22,02 na 0.184 0.017 0.01 n.a. Rd
7 24.48 n.a. 0.160 0.043 0.03 n.a. MB
Total: 288,681 144.280 100.00 0.000
Chromeleen {c) Dionex 1996-2001
default/integration Version 6.50 SP3a Build 986
Figure A2.39 cMC1RL-B43-cyclic; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 889.5, 56431]

" : 06q.uyes L-Phe

5.6E+4
80
80
70
60
z
5 s
=
40
30
20
e
10 5 ?_
©
+ 5 = §1 § © g § L
$2 SACRIB 5B
g3 3 < ﬂ ® s
| = A3 ll - =
&9.0 920.6 1192.2 1463.8 17354 2007.0

Mass (m/z)
Printed: 17:00, May 20, 2014
D:\Mclaughlin\May-2014\Samples_05_2014\McLaughlinLab-May-2014\MLD-B43lin.t2d

Figure A2.40 cMC1RL-B43-linear; Mass Spectrum
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Operator:Administrator Timebase:SYSTEM_1_HPLC Sequence:MLD-MC1R Page 1-1
5/22/2014 11:03 AM

52 MLD-B43lin-MC1RL-L-Phe
Sample Name: MLD-B43lin-MC1RL-L-Phe Injection Volume: 75.0
Vial Number: RA10 Channel: uv_wis_1
Sample Type: unknown Wavelength: 222
Controf Program:  Exploratory gradient_MLD-2-60_20min Bandwidth: 1
Quantif. Method: default Dilution Factor: 1.0000
Recording Time:  5/20{2014 18:21 Sample Weight: 1.0000
Run Time {min): 37.00 Sample Amount: 1.0000
r1_e- MLD-MC1R #52 [modified by Administrator] UV VIS_1
O Tmal . WVLZ22 iy
1 2. 17.408
1464
1204
1004
* ‘
% \
mi
ra , \ 5-19.308 |
1 . {10880 000 v \
G - :
% S
20} ] B T T T T T T T m
0.4 5.0 10.0 150 200 250 0o o
No. | Ret.Time Peak Name Height Area  Rel.Area Amount Type
min mAU  mAU*min % n.a
il 16.53 n.a. 2119 0.449 068 n.a. BM
o 17.50 n.a. 145810 56.902 87.14 n.a. Mb
3 18.65 n.a. ) 0.184 0.018 0.03 n.a. bMb
4 18.77 na. : 0.080 0.003 0.00 n.a, bM
5 19.40 n.a. 14.468 7.372 11.29 n.a. MB
-] 20.70 na. 1426 0.558 0.85 na  BMB
Total: 164.185 85.301 100.00 0.000
Chromeleen (c) Dionex 1996-2001
default/Integration Version 6.50 SP3a Build 986

Figure A2.41 cMC1RL-B43-linear; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 871.5, 52552]

D-Pha

8715023

100~ 5.3E+4
50
80
70
60
1
2
@
5 50
)
a2
40+
30
20-
10 g
§
=
~ - & -
MITH IHE R :
A r < § © § ~ o
g 3g Hy § = e & g
o G0 | 1T W0 o VTR = , - = |
649.0 9208 11826 14644 1736.2 2008.0
Mass (miz)
Printed: 16:58, May 20, 2014
D:\ in\May-2014\ ples_05_2014\McLaughlinLab-May-2014\MLD-B52cyc-recovered.t2d

Figure A2.42 cMC1RL-B52-cyclic; Mass Spectrum
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Operator:Administrator Timebase:SYSTEM_1_HPLC Sequence:MLD-MC1R Page 1-1
522/2014 11:.01 AM

47 MLD-B52cyc-cMC1RL-D-Phe
Sample Name: MLD-B52cyc-cMC1RL-D-Phe Injection Volume: 75.0
Vial Number: RAG Channel: Uv_vis_1
Sample Type: unknown Wavelength: 222
Controf Program:  Exploratory gradient_MLD-2-60_20min Bandwidth: 1
Quantif. Method:  default Ditution Factor: 1.0000
Recording Time:  5/20/2014 15:04 Sample Weight: 1.0000
Run Time (min): 37.00 Sample Amount: 1.0000
300 MLD-MC1R #47 [modified by Administrator] ' =T UV VIS 1
AmAU WL:222 nmy
300 3-19.861
200
150
100-
50+
.' .
'f 0] -
-50- : - : . |
0.0 50 10.0 15.0 0|
Mo, | Ret.Time Peak Name Height Area  RelArea Amount Type
min mAU  mAU'min % n.a.
1 18.28 n.a. 4.240 2074 1.31 na BM
2 18.81 n.a. 4.119 0.876 0.56 n.a. M
3 19.86 na. 285736 135288 8569 n.a. M
4| 2084 na ! 13.384 6207 383 na. M
5 21.37 n.a. 0.009 0.000 0.00 n.a. Rd
6 21.58 n.a. 27.652 12.904 8.17 na. Mb
7 23.18 n.a. 1.785 0.533 0.34 n.a. BB
Total: 336.934 157.891 100.00 0.000
Chromeleon {c) Dionex 1996-2001
default/integration Version 6.50 $P3a Build 986

Figure A2.43 cMC1RL-B52-cyclic; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087

4700 Reflector Spec #1[BP = 889.5, 48410]

8
100 48E+4
\
%
80
70
60
£
£ 0
=
40
30
20
10
3 gs
§ HdgdF g ° g
:  Sidls Ul | |
549,0 9206 1192.2 14638 17364 2007.0

Mass (m/z)
Printed: 16:59, May 20, 2014
D:\Mclaughlin\May-2014\Samples_05_2014\McLaughlinLab-May-2014\MLD-B52lin.t2d

Figure A2.44 cMC1RL-B52-linear; Mass Spectrum
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Operator:Administrator Timebase:SYSTEM_1_HPLC Sequence:MLD-MC1R Page 1-1
512212014 11:02 AM

50 MLD-B52lin-MC1RL-D-Phe
Sample Name: MLD-B52lin-MC1RL-D-Phe Injaction Volume: 75.0
Vial Number: RAS Channef: Uv_vis_1
Sample Type: unknown Wavelength: 222
Control Program:  Exploratory gradient_MLD-2-60_20min Bandwidith: 1
Quantif. Method:  default Dilution Factor: 1.0000
Recording Time:  5/20/2014 17:02 Sample Weight: 1.0000
Run Time (min):  37.00 Sampfe Amount: 1.0000
40 MLD-MC1R 250 {modified by Administrator] Uy WIS 1
mALl WVL:222 nmy
350] 1-18.150
| ]
| 3004
|= 4
. 250
fie
| 200
150 1
0]
sin
] 2.19.583 A
]
B T T ,!"““l.
0.0 50 100 15.0 200 50 30.0 370 |
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAlU*min % n.a.
1 1813 na. 347.144  164.686 95.47 n.a. BM
2| 1958 na 11366 7.816 453 ne.  MB
Total: 358.511 172.502 100.00 0.000
Chromeleon {c) Dionex 1996-2001
default/integration Version 6,50 SP3a Build 986

Figure A2.45 cMC1RL-B52-linear; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 885.5, 42387]

nWe: 2e5.45i9
100 |§ " :DHG'""“"‘LQ

4.2E+
90
80
70
60 :
ﬁ $L0: otld
; 5
é 50
=
40-
a0
20
10 g
) = -~ = @
§ﬁ=:§§g§- 83 : &
= 3 §(8 Gzo8 22 & R £
I i |.4§AE dalntie > = & |
5045.0 920.8 11926 1464.4 17362 2008.0

Mass (m/z)
Printed: 16:58, May 20, 2014
D:\Mclaughlin\May-2014\Samples_05_2014\McLaughlinLab-May-2014\MLD-B53cyc.t2d

Figure A2.46 cMC1RL-B53-cyclic; Mass Spectrum
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Operator:Administrator Timebase:SYSTEM_1_HPLC Sequence:MLD-MC1R

Page 1-1
5/22/2014 10:59 AM

45 MLD-B53cyc-cMC1RL-D-HoPhe
Sample Name: MLD-B53cyc-cMC1RL-D-HoPhe Infection Volume: 75.0
Vial Number: RA4 Channel: Uv_viIs_1
Sample Type: unknown Wavelength: 222
Control Program:  Exploratory gradient_MLD-2-60_20min Bandwidth: 1
Quanfif. Method:  default Dilution Factor: 1.0000
Recording Time:  £/20/2014 13:45 Sample Weight: 1.0000
Run Time (min):  37.00 Sample Amount; 1.0000
sop_MLO-MC1R #48 [modfied by Adminisuater] i Wovis 1
mAL WVL:222
3-20472
175
150+
125
100+
754
|
5] !
| 25 4-21.870
o A - i
Lo — : 1 e o - -
0.0 5.0 10.0 15.0 200 250 30.0 o |
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min % n.a.
1 1878  na 1.001 0.228 0.25 n.a. BM
2 18.99 na. 0.882 0.258 0.28 n.a. Mb*
3 2047 n.a. 181.448 84.374 9144 n.a, bM
4 21.97 na. 15.962 7.412 8.03 na MB
Total: 109.293 92,272 100.00 4.000
Chromeleon (c) Dionex 1996-2001
default/Integration Version 6.50 SP3a Build 986
Figure A2.47 cMC1RL-B53-cyclic; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 903.5, 54676]

g qoz_a.l.;?,'-\ D--ku?lw,
g

100+ I 5.5E+

90+

il

70

|

60
z
§ s0
=
b

40

30

20

10 g

g| & § =
§ 38 gEE g 2:
U g d ,
9.0 9208 11926 1464.4 1736.2 2008.0

Mass (miz)
Printed: 16:58, May 20, 2014
D:Mclaughlin\May-2014\Samples_05_2014\McLaughlinlab-May-2014MLD-B53lin.t2d

Figure A2.48 cMC1RL-B53-linear; Mass Spectrum
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Operator:Administrator Timebase, SYSTEM_1_HPLC Sequence:MLD-MC1R Page 1-1
B/22/2014 10:58 AM

54 MLD-B53lin-MC1RL-D-HoPhe
Sample Nams: MLD-B53lin-MC1RL-D-HoPhe Injection Volume: 75.0
Vial Number: RAS Charnnel: Uv_VvIS_1
Sample Type: unknown Wavelength: 222
Controf Program:  Exploratory gradient MLD-2-60_20min Bapdwidth: 1
Quantif. Method:  default Dilution Factor: 1.0000
Recording Time:  5/2012014 20:22 Sample Weight. 1.0000
Run Time (min):  37.00 Sample Amount: 1.0000
[y MLD-MC 1R #54 [modified by Administrator] T T
L 4 T IR L A R i
400+ 2.18718
360+
|
304 ¢
!
250+
il
150+
!
o |
i 18.311 {
3- 204 SR |
" (R L A e | i
'5‘5} TR | VT TR T 7 T TG Tl =1 T T i) ol i 252’ . |
o 50 10.0 150 200 250 300 370
No. | RetTime Peak Name Height Area  RelArea Amount Type
min mAU mAU*min %o n.a.
1 18.31 n.a. 70.858 28263 1395 n.a. BM *
2 18.72 n.a. 385.984 167.1650 8253 n.a. M *
3 20.06 n.a. : 11.998 7.089 3.50 na. M
4 21.06 n.a. 0.308 0.042 0.02 n.a. MB*
Total: 469.148 202559 100.00 0.000

Chromeleon (c) Dionex 1996-2001
default/Integration Version 6.50 $P3a Build 986

Figure A2.49 cMC1RL-B53-linear; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 885.5, 58478]

Q,‘b‘:ﬁc’ R
100 ]g %k\A ‘ ‘ L- HOMPL‘.L 5.8E+4

80
80-
70

2
§ 50
£
2
,‘n.
30
7
out 5
20- 8 Kbo k
o
1
10
= 2
g g8 2 g b
i: §§ § % 8§ g 2
-~ -
8\ g} o i & (I g .
&!_ﬂ 1192.2 1463.8 17364 2007.0
Mass (m/z)
Printed: 16:57, May 20, 2014
D:\Mclaughlin\May-2014\ ples_05_2014\McLaughlinLab-May-2014\MLD-B54cyc t2d

Figure A2.50 cMC1RL-B53-cyclic; Mass Spectrum
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Operator:Administrator Timebase:SYSTEM_1_HPLC Sequence:MLD-MC1R Page 1-1
512212014 11:00 AM

46 MLD-B54cyc-cMG1RL-L-HoPhe

Sample Name: MLD-B54cyc-cMC1RL-L-HoPhe Injection Volume: 75.0
Vial Number: RA2 Channel: UV_VIs_1
Sample Type: unknown Wavelength: 222
Control Program:  Exploratory gradient MLD-2-60_20min Bandwidth: 1
Quantif. Method: default Ditution Factor: 1.0000
Recording Time:  5/20/2014 14:24 Sample Weight: 1.0000
Run Time {min}. 37.00 Sample Amount: 1.0000
a0 MLO-WCTR 46 [modified by Admimstrater] i Uv_VIS 1
JmAU WVL:222 il
4 4-20239
200
150
100
50+
] 5.21.079 Jf,
B0 ; min|
00 50 1d0 180 20,0 280 300 " Tale
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU __ mAU*min % n.a.
1 18.02 rn.a. 2.355 0.611 0.66 na. BM
2 18.51 na. 1.140 0217 0.23 n.a A *
3 19.64 na. 1.143 0.071 0.08 n.a. M*
4 20.24 n.a. ¥ 204.525 84.107 90.28 n.a. M
5 21.08 na, 14.643 5.139 Do n.a. M+
6 2167 na 3.782 0.937 1.01 n.a. M *
T 21.70 na. 0.088 0.014 0.02 na. Rd
8 2200 na 4.689 1.916 2.06 n.a. Mb*
i) 23.16 n.a. 0.498 0.155 017 n.a. BMB
Total: 232.873 93167 100.00 0.000

Chromeleon (¢} Dionex 1296-2001
defaultintegration Version 6.50 SP3a Build 986

Figure A2.51 cMCI1RL-B53-cyclic; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1=>BC[BP = 803.5, 41733]

a
% ® U\ols'v\ L'HOMuPI"Z
S
‘&
100'| E 4.2E+H
90
80
70
60
Z
g 50+
=
40+
30
20- ) |
|
101
2
~
oq = -
g s HWimie
s i P4 g5 c8
o = g i1 S i
645.0 920.8 1192.6 1464.4 1736.2 2008.0
Mass (miz)
Printed: 16:58, May 20, 2014
D:\Mclaughli 201 | 05_2014\MclLaughlinLab-May-2014\MLD-B54iin.t2d

Figure A2.52 cMC1RL-B54-linear; Mass Spectrum
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Operator:Administrator Timebase:SYSTEM_1_HPLC Sequence:MLD-MC1R Page 1-1
5/22/2014 10:58 AM

53 MLD-B54lin-MC1RL-L-HoPhe
Sample Nams: MLD-B54lin-MC1RL-L-HoPhe Injection Volume: 75.0
Vial Number: RA3 Channel: UvV_Vis_1
Sample Type. unknown Wavelength: 222
Control Program:  Exploratory gradient_ MLD-2-60_20min Bandwicith: 1
Quantif. Method:  default Dilution Factor: 1.0000
Recording Time:  5/20/2014 19:43 Sample Weight: 1.0000
Run Time {min):  37.00 Sample Amaunt: 1.0000
350 MLD-MC1R #63 [medified by Administrator] UV VIS 1
ALY WVL:222 nn
300 1 - 18.320
250
200+
150+
1uo~:
50|
2-20.001 "
Gt e SRR ; 31I4zlu1m g B
| B0 T T T o T i o e T i
| oo 50 0.0 150 200 280 30.0 ara
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min % n.a.
1 18.32 n.a 295,243 142254  92.19 n.a, EM ™
2 20.00 na 15.419 11.180 7.25 n.a. M
3 21.11 n.a. 0.958 0.417 Q27 na. Rd
4 2111 n.a. i 1.006 0.451 0.29 n.a. MB*
Total: 312626 154302 100.00 0.000
Chromeleon (¢) Dionex 1996-2001
defaultfintegration Version 6.50 SP3a Build 986

Figure A2.53 cMC1RL-B54-linear; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1=>BC[BP = 1791.1, 2752]

i 5.7

1790.0089

70

80

% Intensity
g

30

20

1542.9446

10

" 1806.0895

910.1285

e

17406 1869.4 2036.2 2187.0
Mass (m/z)

i

]
1443.0

R
—
-
DL
= r1590.9613
o -
3
b
;N

Printsd: 45:31, March 10, 2015
D WekanghlinWiar-2015\Samples_02_20151021 115-MoLaughlin-Fei SWLD-C31-L1 124

Figure A3.1.TLR2L-780; Mass Spectrum
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 379.1, 4790]

Lo 2866.1

1633 9034

90

80

70

80

% Intansity
z

1649,8959

1488.8120

10+

1324.7736

™ 1580.8647

ik " L "

- T 4s36.8840

e R [1 bk

: | e + 2 = i
346 1496 1646 1796 1846
Mass (miz)

¥
—
3

-

'?1 96

Printed: 12:19, Fabruary 16, 2016
a3 eb-201 ples_11_2015Mcl i Dec20 SHaLD-D4-L1.2d

Figure A4.1 Peptide 4.2; Mass Spectrum
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Data File €:\CHEM32\1\DATANZ015-NOVEMBERYMLD-CL04-NHS-DMTTIC-QA.D
Sample Namz: MLO-ClO4-NES-MmETic-QA

Acg. Operator
Acg. Instrument
Injection Date

3 SESTY

1280 HPLC
12/8/2015 11:14:55 AM

Location : =

Ini Volume : Ne inj
Aog, Method : C:\CHEM3IZNIN\METHODS\MLD-2-2-100_20MTN_1ML.M
Last changed . 12/68/2015 3:33:22 BM by SYSTEM
Analysisz Method : C:\CHEM32\1\METHODS\DEF LC.M
Last changed : 12/3/2015 11:55:05 AM by SYSTEM
Additional Info : Peak(s) manually integrated _
T ~ VWD1 A, Wavelength=220 nm (2015-NOVEMBERMLD-C104-NHS-DMTTIC-QA D) o
mAL
2000
1500 ! o
W
- g &
< 5
1000 &t
4| |
500 4
{
o
- % s
— 5 10 15 20 25 min
Area Percent Report
Sorted By & Signal
Multipliers 3 1.0000
Dilution: z 1.0000

Use Multiplier & Dilution Facteor with ISIDs

Signal 1: VWDl A, Wavelength=2Z0 am

Peak RetTime Type Width Area Height Area
# [min] [min] [mA*+s] [mAT] %

==t i s | =4 rlgnid |
1 18,979 MM 0,2553 975,85468 €3.70021 4.1091
2 20.032 MF 0,1515 369.33514 10, 64137 1 BEET
3 20,29 ™ 0.1748 3532.42822 336,77798 14.8741
1 20.630 FH 0.1685 1.88713ed 166B,81067 73.4617

Totals : 2.3748% 4  2109,953024

1260 HELC 12/9/2015 11:48:43 AM SYSTEM Page LT
Figure A4.2 Peptide 4.2; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1714.9, 50611]

17138222

100 - 5.1E+4

1536 0467

60 |

% Intensity
]

1488.7660

10-

1652.9320

1635.9812

F_ ~ 1681 9987
= 1699.8103

1315.8071
T 1332.8334

: e |
12634 1451.8 1640.2 1828.6 2017.0

o
=
@
@
2

-

w

-

X

-

uwy

.
i, T Sy P,

107s.

o
=3

Printed: 15:51, November 03. 2015
D:MelaughliniNoy-201S\Samples_10_201SMeLaughlin-hMorse Cot2015WMLD-C113-VI-FE t2d

Figure A4.3 Peptide 4.3; Mass Spectrum
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Data File C:\CHEM32%1%

DATENZ01E -NOVEMBERN\MLD-C113-V1-L1D.2

Bample Name: MLD-Cl13-V1-L1.T2

hog. Operater
Acg. Instrument
Injection Date

Acq.

Method

SYSTEM
1260 HPLC
11/5/2015 4:53:00 EM

Logation : =

Inj Volume : Neo int

: C:\CHEM32\1\METHODS\MLD-2-2-100_ 20MIN_1ML.M

: 11/3/2015 4:06:25 PM by SYSTEM
{modified after loading)
c:\c11131-13'2\1\METH0DS\DEF_LC,M

: 11/42/2018 10,20:22 AM by SYSTEM

: MLD-C113-V1-L1

Last changed

BAnalysis Method
Lagt changed
Sample Info

Rdditicnal Info : Peakis) manually integrated
VWDT A, Wavelerigth=220 nm (2015-NOVEMBERMLD-C113-v1-L10.0)

mAU
1000 -
800 |
B0
400 - |
4 o
1 g

.L/

2004 T ) 3 = i ¥ T = |
3 10 18 20 25 20min|
RS S S S a S SSEEENE s nrn r  EAE S s s  NEEE s SE S S S ESENE RS S Y S S SSMET N A SRR =
Area Percent Report
=mmrsr=soamanse=== = mmm=su=s —
Sorted By Signal
Multiplier: : 1.0000
Dilution: 1.0000
Sample Amount: : 10.00000 {ng/full {nat vged in cale.)
Use Multiplier & Dilution Factor with ISTDs
signal 1: VWOl &, Wavelength=220 om
Peak RetTime Typs Widch Area Height Area
# [min] [min] [mntr+s] [mALT] ¥
e e |-mmmeeee e
1 18.919%EB G.1720 117.73248 9.28161 0.B724
2 20.25% BV 0.1550 1822,03113 172.78735 13. 5012
3 20.580 VE 0.1582 1.15555e4 1076.70251 A45.6264
Totals 1.34953e4 1258.77148
1260 HPLC 11/3/3015 €:14:44 DM SYSTEM Page 1 of 2

Figure A4.4 Peptide 4.3; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1987.3, 10639]

100 [ 14E+
%
{{e]
90 &
g
80+
70+
80~
=y
o
E
2 50
=
40-
30
20 = &
o w w
& 8§ al -
£ = 5 b5 @
10+ = & &l 3 2fF = =]
= ! & o ] pis
2 H = ‘ = I
o =Rl BT W R T
125?.0 1787.4 1917.8 2048.2 2178.6 2309.0
Mass (m/fz)
Printed: 16:31, September 27, 2016
D MclaughliniSept-201E\Samples_67_2016\00ligalski_July2016\MLD-Da3-\V1-F7 124
Figure A4.5 Peptide 4.4; Mass Spectrum
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Datg File C:\CHEM3IZ\1\DATANMLDA\MLD 2016-0
%e Name: MLD-D43-NES-V1-F7

5-27 15-41-17\MLD-D43-NHS-V1-F7B.D

Acg. Operator
Acg. Instrument
Injection Date

Instrument 1

Different Inj Volume from Seguence !

9/27/2016 4:57:38 EM

Seq. Line : ]
Location : Vial 41

Inj : 1
Inj Velume : 10.0 pl
Actual Inj Velume : 25.40 pl

Acg. Method
Last chnanged

1 C:ACHEM32\1\DATA\MLDY\MLD 2016-08-27 15—4l—l?\MLD—Z—lOO_25MIN_I.M
6/21/2016 11:54:00 AM

| Analysis Method : C:\CHEM3Z\1\METHODS\MLD-10-40-85 20MIN_1.M

Last changed

2/1/2016 3:16:23 EM

Addicional Infe : Peak(s]) manually integrated i
DADA A, Sig=254,4 Rer=360, 100 (MLOWILD 2016-05-27 15-41-1 71MLD-D43-NHS-V1-F7B O}

AL =
70 %
50 i
50 ||
40

30— | |
202

10- —PRb M

o - —

: : . I
0 5 10 15 20
DADT G, $ig=280,16 Ref=360,700 (MLDIMLD 2616-00-27 15-47-17 MLD-D45-NHS-V1-F 7B.0)

T e - T 1 T

) 5 p— e
PMP’ , Sclvent C

=3
e

25 rir{

P e

Fraction Information

e )

Fraction ceollection off

e

Instrument 1 9/28/2016 10:12:47 AM

Page 1o 2

Figure A4.6 Peptide 4.4; HPLC Trace
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Applied Biosystems 4700 Proteomics Analyzer 347000087
4700 Reflector Spec #1[BP = 1635.0, 22817]

=
3 =4 A
1DU| g -..2‘35‘_‘1
E i 1
901 :
i |
{ |
701 |
60
-y
g
(g
E
¥
40
Z
S
30+ 5
Lis
3 8 '
20 2 o 8
P~ bl o
8 ot =
& z 2 o g 8 B o
0 B sl Bl ag
8 || =|2es| ¥ =
Z Pl & kel o
AT NN T 1 . Lkt d R e e
o8 1261 1823 2385 2947 3509
Mass (miz)
- . Printed; 14:13, July 20, 2016
B:Welaughlin\uly-2016\Samples_07_2018Doligalski_July2016\MLD-D32-NHS-L1 t2d
Figure A4.7 Peptide 4.5; Mass Spectrum
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l, Dzéli'ile C:\CHEM32\1\DATA\MLOAMLD 2016=07=-20 11=48=11\MLD=-D32=L1.D
Seple Wams: MLD-D3Z-L1

Req. Operator i Seq. Line : 1
Locatien : Vial &1
Injection Date : 7/20/2016 11:49:28 AM Ing: & i
! Inj Volume : 10.0 pl
Acg. Method ¢ MLD=-2-100 25MIN 1.M
Rnalysis Method : C:\CEEM32\1\METEODS\MLD-10-40-85 ZOMIN 1.M
Last changed T RSLAE0LE 31623 PH
Additicnal Infe : Peak(s) mancally integrated s
DAD1T A, Sig=254,4 Ref=360,100 (MLDWLD 2016-07-20 11-48-11\MLD-D32-L1.0) ;
mAU &
40 %
30— |
20 ]
] 8 3 el |
10 g i ! g
= o o R R S e
AT TSR TR T T TR "
DADT C, 5ig=220.8 Raf=360,100 (MLD'WMLD 2016-07-20 11-48-11MLD-D32-L1.0
mal 3 o
3 , o
300 o
250 i
200 2l o
150 %
100 - o
50 = ) e oS, Nb lkr—‘___
0 e .'n\\ - T o e e
gtfi- T B " 10 i1, SRR T o
DADA G, 5ig=280,16 Ref=360,100 (MLD'MLD 2016-07-20 11-48-11\MLD-032-L1.0)
mAll = uy
14 g
123 T
,l
8- £ P
o : 8
4 ‘FI‘ o
2] il
a4 o e ekE T i e S
RS — e —r— , —_— |
5 10 18 20 25 it
PMF1 , Solvent C
5 R o
B0 4 _;H,f—- 1\
50 | e ll
s
i \
' gl
2 T - < e T Ty e —T——
10 15 i i mirt
Instrument 1 7/20/2016 12:22:15 PM Page B BT
Figure A4.8 Peptide 4.5; HPLC Trace
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APPENDIX B:

SELECTED 'H AND “C NMR SPECTRA

-‘g 2-iodoethyl palmitate_1D1H.esp &
o) —
E
2 7
=27
ik 2
< |\/\OJ\/(CH2)130H3
35—:
303
25
203
153

- [e2]
105 @ 3 < e 3

3 ~ N‘i” @ < |

E alo o & 8Ty < %
5 CHLOROFORM-d |5 ?|w ap N 8eg|l ole

] j b
0 3 il 73 1

1.89 1.89 1.92 2.1623.922.85
L U U [Ny
R o S R R T R R I N A
8 7 6 5 4 3 2 1 Chemical Shift (ppm)

Figure B3.1 '"H NMR (400 MHz, CDCL;) spectrum of 3.1.
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2-iodoethyl palmitate_1D13C.esp

Absolute Intensity
29.66

180
(@]
160 ' )k/CHZlSCHS
~">0 (CH2) CHLOROFORM-d
140
120 gz—wmmwnm_lmzcép ©
[Te}
o
N
100 <
80 g amf 88g 3
‘QI; g;’ry//’ﬁ\':! °
N 53
60 | — Cl’
o
—
40 %
N~ 3o s 300 Y 280 28.5 Chemcal St (ppm)
—
S
160 140 120 100 80 60 40 Chemical Shift (ppm)

Figure B3.2 "C {'"H} NMR (400 MHz, CDCI;) spectrum of 3.1
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2 o
w5 |Boc-CysTrt-OtBu_1D1H.esp <
= -
jo)
=
Q
=
2
Qo
<
40
O o
35 <
BocHN o
\;)]\OtBu :
30 S
Trt
25
20
15
10
(3]
0
5 25 N o
[Tty <~
~ |
0 L_J_._ﬁk— —~ ——
5.2612.63 0.69 0.67 1.80 15.27
U U

8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0  Chemical Shift (ppm)

Figure B3.3 '"H NMR (400 MHz, CDCl;) spectrum of 3.2
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Boc-CysTrt-OtBu_1D13C.esp

Absolute Intensity

—
N~
55 ~ R
Sh o
50 S BocHN \)J\O B
: tBu CHLOROFORM-d
45 S
4o trt
35
—
o o
30 N~ N
S |
g 2
25 / ©
N
S
20 ©
™
m
15 §. ©
I ¥ N 5
10 NS < N N o b
~ 0 @ < @ <
o =] | © © o ™
[Te} <t (o) [te] n
5 b 3 b
o /1 1 .t AL e 1 A Bk W g by s bve YA koo oo vty N SR i

160 140 120 100 80 60 40 Chemical Shift (ppm)

Figure B3.4 “C {'"H} NMR (101 MHz, CDCL,) spectrum of 3.2
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Boc-CysSH-OtBu_1D1H.esp

Absolute Intensity

(@]
35 BocHN
\i)\OtBu
30 ~SH
25 )
X
20
15
10

CHLOROFORM-d
5

k5.41
&—4 47

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0  Chemical Shift (ppm)

Figure B3.5 '"H NMR (400 MHz, CDCl;) spectrum of 3.3
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Boc-CysSH-OtBu_1D13C.esp CHLOROFORM-d

2
i)
c
i} 0
= o
[0} ~
2 )
[ee]
o~
2 ~
14
(0]
BocHN
12 \;)]\OtBu
~SH
10
8
6
[}
©
4 &
N~

8 g 8 o 3 gl 8

o =} o ~ By Qe «©

© 7o) N~ 2] =] 3] —
P < n | te] NI I |

= N Y
¢
A M Mt At o A SN I Wyt Gl S Wi Y A" Mot syt d
160 140 120 100 80 60 40 Chemical Shift (ppm)

Figure B3.6 “C {'"H} NMR (101 MHz, CDCL,) spectrum of 3.3
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-‘;;? Boc-CysPOE-OtBu_1D1H.esp o] - &
o) BocHN 5 7
2 “otsu N
O 3 =
53 ~S
3 3
o0 4
<3
3 CHLOROFORM-d o
40 -
35 (CH2)13CH3 <
e - p
303 :,
263 : - i
203
3 g
153
E ©
= [ee]
E =}
103
5 3
0] 3 —
060 062027137022 1.391.29 1.749.717.367.3922.122.60
[ U U U U Ul Jduyd i 0 -l
e T
8 7 6 5 4 3 2 Chemical Shift (ppm)

Figure B3.7 '"H NMR (500 MHz, CDCL,) spectrum of 3.4
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G |Boc-CysPOE-OtBu_1D13C.esp CHLOROFORM-d
g 83
s SN
[0
£ S
2
Ed
(@]
BocHN
5.5 \;)j\OtBu
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Figure B3.8 "C {"H} NMR (151 MHz, CDCI;) spectrum of 3.4
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Figure B3.11. '"H NMR (500 MHz, CDCL,) spectrum of 3.6
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Figure B3.12 "C {'"H} NMR (126 MHz, CDCIl;) spectrum of 3.6
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Figure B3.13 '"H NMR (600 MHz, DMSO) spectrum of 3.7
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APPENDIX C:

SELECTED ANTIBODY AND IMMUNOCON]JUGATE CHARACTERIZATION

«10 & "ESI TIC Scan MLD-D43A-aPDL1-PNGaseF,_20ug.d
1

“epss | 1|2 2

B
° 1 2 3 4 5 6 7 Cogunrs vsg, Mq\]Psillﬂnlljirne (;rﬁn) 13 14 15 16 17 18 19
x10 2 +ES| Scan (6.321-7.254 min, 29 Scans) Frag=300.0V MLD-D43A-aPDL1-PNGaseF_20ug.d Subtract
1] 3624.6792
2338.7326

0.81
0.61
0.4
0.2 \ \ }

0"“"" L TR La.ﬁ(.!|t|l.llnllll.1_ L_#L L___

500 1000 1500 2000 2500 300 ?%?Qsﬂggs_és_gg‘arsob 5500 6000 6500 7000 7500 8000

ounts ge (m/z)
<10 4 +ES| Scan (6.321-7.254 min, 29 Scans) Frag=300.0V MLD-D43A-aPDL1-PNGaseF_20ug.d Subtract Deconvoluted (Isotope Width=24..
| 144936.18
2.5
2
1.5
1 4
0.5
0 134335.21 138343.46 142566.41 153301.12  156597.61
132000 134000 136000 138000 140000142000 1644'000 1|4§'oq%| 143‘(000 150000 152000 154000 156000 158000
Counts'vs. Deconvolutel ass arnu)
Figure C4.1 o-PD-L1 antibody; Mass Spectra
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1 2 3 4 5 6 7

CB 9 10.. 1.|1 12 13 14 15 16 17 18 19
ounts vs. Acquisition Time (min)
x10 2 +ESI| Scan (6.348-6.881 min, 17 Scans) Frag=300.0V MLD-D43B-CD137L-PNGaseF_20ug.d Subtract
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145298.38
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132355 85 138114.88 141441 .68 14914529 154415.23 158191.49
0 - o

132000 134000 136000 138000 140000, 142900 164000 ?0‘5)& 148000 150000 152000 154000 156000 158000
Counts vs. Deconvoluted Mass (amu)

Figure C4.2 0-CD137L antibody; Mass Spectra
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+ES| TIC Scan MLD-D43D-aTNP-PNGaseF_20ug.d
x10 6 TV
{4 * 5,585, 12 2
41
ol
0

1 2 3 4 5 6 7 13 14 15 16 17 18 19

CcPunts vg. Acqt]igitionlljime (;Ir%n)

+ESI Scan (6.285-6.951 min, 21 Scans) Frag=300.0V MLD-D43D-aTNP-PNGaseF_20ug.d Subtract
4170.7729
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15 145938.30
1.25
1
0.75
0.5
0.25
131068.28 133964.08 137011.52 142923.66 ~ 150714.22 154666.78 157454.38
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Figure C4.3 o-trinitrophenol antibody; Mass Spectra
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<10 6 +ESI TIC Scan MLD-D43H-aTNP-DmtTic-E_ti@_aseF_ZOug.d
1 *pa12 12 2
51 Y
2.5
0,

1 2 3 4 5 6 7 13 14 15 16 17 18 19

Coaunts vsg. Acql}gitionllilma (?'r%n)
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Figure C4.4 Immunoconjugate a-trinitrophenol + DmtTic (4.2), D41; Mass Spectra
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Figure C4.5 Immunoconjugate a-PDL-1 + DmtTic (4.2), D38; Mass Spectra
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Tatzrile C; \CHEM32%1\DATAN 201 6 ~MARCE\ IMMUNOCONI-MLD-D13A 100UG.D
Sample Name; IMMUNOCONJ-MI.D-D13A_ 10005

Acq. Operator
Req. Inatrument

Injection Date

Acg. Method
Last changed

Analysis Method :

Last changed

SYSTEM
1260 HPLC
3/224201€ 5:00:53 PM

- Location
Inj Volume : Mo inj

1 C:\CHEM3Z\1AMETHODS\MLD-50BIS0O_60MIN_300ULMIN-FLD.M
: 11/17/2015 12:28:5% EM by BYSTEM
C:\CHEM32\1\METHODE\DEF LC.M

r 6/17/2016 12:07:51 PM by SYSTEM

Additicnal Info : Peak({s) manually integrated
77 FLDTA Ex=352, Em=708 (2016-MARCHIMMUNOCONJ-MLD-D13A_100UG.D) [ o
R m
g
0.28 - e .@éﬁ
0.26 b
e «
0.22
QZ: J
018 i
0.16 -
/! e
ol e e e D
] : I 1 v T . T e i Vi = — i
0 ¥ s S R - e e 7 O | S 175 min
VWD1 A, Wavelength=280 nm (2016-MARCHIMMUNOCONJ-MLO-D13A_100UG D)
mAL
| Y |
150 | |
] ! i
=200 = ! |
i
-250 - i
| a0 o
| : i N
! 350 { S o
I 2 - N e e N e I . |
- - . : — — o o — ——
o 28 5 7.5 10 _ 125 15 175 min
Area Percent Report
Emn
Sorted By Signal
Multipller: 1.0000
Dilution: i 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: FLDl A, Ex=352, Em=708
Peak RetTime Type Width Area Height Area
¥ fminl | fminj} [LO*s]y [Zu] %
Wik sy | === f skt o el | i !
i 7.959 MM 1.4847 13.88294 1,55843e-1 100.0000
Totals : 13.88294 1,55843e-1
Page 5 SR el

1260 HPLC 8/26/2016 12:25:33 BM SYSTEM

Figure C4.6 Immunoconjugate o-PD-1 + DmtTic (4.2), D13A; SEC Chromatograph
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Data File C: \CHI‘:‘.M32\_1\DA‘I‘B\EOIS—I—E—ARCI—I\IMMUNOCONJ-HLD—DIJE_ 100UG.0
Sample Mame: IMMUNOCONI-MLD-D13E 100UG

m—— S = E S S e mn e

SYSTEM
Logation 3 -

Aog. Operateor H
Acg. Instrument : 1260 HPLC
Injection Date ¢ 3/22/2016 5:24:00 PM
Inj Volume : Mo inj
Aog. Method H C:\CHEMB?\1\METHODS\MLD-50BISO_GOMIN_3DOULMIN—FLD.H
Last changed + 3/22/2016 5:22:41 PM by SYSTEM
{modified after loading)
Bnalysis Method : C:\CHEM32%\1\METHODS\DEF LC.M
Last changed 1 6/17/2016 12:07:51 PM by SYSTEM
Additicnal Info : Peak{s) manually integrated
FLD1 A, Ex=352, Em=708 (2016-MARCHUMMUNDCON-MLD-D13B_100UG D) i
i -
5 = 4
fEh ey
0,26 - sy
0.26- [
024 |
022 ! |
02 {
018 ! %
0.16 o -
S D e - ... e S e S | L
T T T T & i et s B B et (2
2.5 5 T e S R 15 W
VWD A, Wavelength=280 nim {2016-M‘\REI-NMMUNOCCNJ—MLD-D1SB_100UG.D}
mal ]
100 ° )
-150 - /
_zm_i i.'
-250 - i
3 | =
-300 - } \ N 8
i | ol =
e 1 ! o X o
3503__ e e ==, s e )
3
] e L - —r— .
o Q 25 5 .5 10 125 15 175 min
Area Percent Report
Borted By : Signal
Multiplier: X 1.0000
Dilutien: 4 1.0C00

Use Multiplier & Dilution Facter with ISTDs

Signal 1: FLD1 A, Ex=352, Em~708
Peak RetTime Type Width Area. Height Rrea :
[LU*=] [LO] %

# [min]
e B e B R | = R |
1 5.021 MM 1.5260 16.19855 1.76%18=2-1 10C,04Q00

Totals 1¢.196855 1.76918e-1

Page 2 % el

1260 HPLC 8/26/2016 12:26:19 PM SYSTEM

Figure C4.7 Immunoconjugate o-PD-1 + DmtTic (4.2), D13B; SEC Chromatograph
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Data File C:\CHEM3I2Z\I\DATA\2016-MARCH\MLD-DZ6A-V1-F3.D
Sample Name:; MLD-D26RA-V1-F3

Arcg. Operator : SYSTEM
Acg. Instrument : 1260 HPLC Location : -

Injection Date 5/17/2016 5:50:43 BEM
Inj Volume : Ho ini

: C:\CHEMBE\I\METHODS\MID—SOBLSO_EOMIN_BOOULMIN-FLD.M
/2242015 6:08:12 PM by SYSTEM

Bnalysis Method : C:\CHEM32\1\METHODS\DEF 1LC.M

Last changed s B/17/2016 12:07:51 PM by SYSTEM

Bdditional Info : Peak(s) manually integraced
. FLDT & Ex=352, Em=708 (2016-MARCHWMLD-D26A-V1-F3.0) i

I LU= g é&

Rcg., Method
Last changed

3 s
| 045 Ir"'-, e
i [ 4

0.4 |

0.25 |

0.3 _/.-.z' -

e e e e : -
Lo .25 & 75 [ 125 15 175 i
: VWD A, Wavelength=280 nm (2016-MARCHMLD-D26A-V1-F3.0)

mAll E G’ﬁ’

400 I-' b 'é'\

¢
300 | Y
] | \
|
200 - I \
| A
100 { B
1 ! N
o pen e e e L e et e T e e e e e e
- . : : ey re———— . =
.. 0 25 5 7.5 10 125 = 17.5 min

Area Percent Report

Sorted By 4 Signal
3 1.0000

Multiplier:
F 1.0000C

Dilution:
Use Multiplier & Dilution Factor with ISTDs

Signal 1: FLD1 A, Ex=352, Em=708

Peak RetTime Type Width Area Height Area
# [min] [min] [(LU*s], [TU] % )
e I P . R b |
1 7.704 MM L3215 18.56524 2.34188e-1 100.0000

18.56924 2.34188e-1

1260 BPLC 8/26/2016 12:27:55 PM SYSTEM Page 1iad- 2

Figure C4.8 Immunoconjugate a-PD-1 + DmtTic (4.2), D26A; SEC Chromatograph
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Data File C:\CHEM32\1\DATA\201&-MARCH\MLD-D26B~V1-F2.D
Sample Name: MLD-DZ26B-V1-F2

Aog. Operator 1 SYSTEM
Acg., Instrument : 1260 HFLC Locaticon =

Injection Date 5/18/2016 1:28:52 FM
Inj Volume : Wo inj

i C3\CHEM32\1\METHODS\MLD-50BISO_ 60MIN 300ULMIN-FLD.M
; 3/22/2016 6:0B:12 PM by SYSTEM

fnalysis Method : ©:\CHEM32\1\METHODS\DEF LC.M

Last changed §417/2016 12:07:5]1 PM by SYSTEM

NAdditional Info : Peak(s) manually integrated -
FLD1 A, Ex=352, Em=708 {2016-MARCHMLD-D268-v1-F2.0) w - -

Aeg. Method
last changed

Lu bt A
042 B o
04 e
0.38 ;' ¥
038 I I". If '-.I
0.34 i
0.32 i .'I \'._ II | |
pal Tri ‘\‘ ! I'. |
s NSO S - AU (. SR ..
Mﬁ—i I Y T T T T - F — e 1
) .25 - - = 78 - 25 = 15 17.5 min
VWD A, Wavelength=280 nm (2016-MARCHMLE-DZEEVI-F2.0) i
mAU j % A
350 - e .9?;?
300 - | |
250 - A {
200 - [ %
150 !
1004 ! E
[ A
oy Dl e i e S s SRR
2 - = .
25 5 75 10 125 15 175 it
Area Percent Report
Sorted By i Signal
Multiplier: B 1.0000
Dilution: i 1.0000
Use Multiplier & Dilution Factor with ISTDs
Sigrial 1; FLR1 2, Ex=352, Em=708
Peak RetTime Type Width Area Height Brea
3 [min] [rin] [rEEs] . [Lu] ]

R R e L ==
1 7.651 MM 1,1329 11,20699 1.64873e-1 100.0000

Totals @ 11.20689 1.64873e-1

1260 HPLC 8/26/2016 12:27:13 PM SYSTEM Page 1 ot @

Figure C4.9 Immunoconjugate a-PD-1 + DmtTic (4.2), D26B; SEC Chromatograph
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e
Data File C:NCHEM3Z2%1\DATANZO16-AUGWMLD-D3B-APDL]1-DMTTIC-50UZ.D
Sample Name: MLO-D3B-APDKL1-DMTITIC-BOUC.D

hcg. Operator
Rog, Instrument
lnjection Date

Rog, Method
Last chanhged

Bnalysis Method
Last changed
Additiconal Infao

+ SYSTEM
:+ 1260 HPLC Location : -
: B/15/2016 11:55:05 AM
Inj Yolume No inj

C: \CHEM3Z\1\METHODS\MLE-50BTS0_60MIN 300ULMIN-FLD,M
B/15/2016 10:27:20 2M by SYETEM

(modifled after loading)

: €:\CHEM32\1\METHODS\DE¥ LC.M

H

: 6/17/2016 12:07:51 PM by SYSTEM

3+
H

: Peak(s) manually integrated

H

i Ly
| 8
0.2 e
018 { E
s
0.14 4 \
F / \'-__ "
i B e e A S Ty BACRS S RO SRy e L s — e LB R A e e L A i e _._,_,.__..a_-_
. e o e —_— T e — g
; ] 25 5 7.5 10 25 15 17.5 - min|
VYWD1 A, Wavelength=280 nm {2016-AUG\MLD-D38-APDLI-OMTTIC-50UG D)
mal by A
175 wy o
FA
150 4 :
1295 Al
140 |
75 ! 4
50 1 f \
26 S
= e e e + Ay et T
1 T ey el A i 5 (e 1
—— g 75 10 175 ~ miny
Area Percent HReport
Sorted By . Signal
Multiplier: i 1.0000
Dilution: 1.0000
Use Multiplier & Dilution Factor with ISTDs
Eignal 1; FLD1 A, Ex=352, Em=708
Peak RetTime Type Width Area Height Area
# [min] [min] fLU*=] [Lu] %
A g S el o i b e e et i |
1 2.066 MM G R A 8.05356 1.0279%e-1 100.0000
Totals B.OBRS6 1.02799e-1
Page 1 of 2

1260 HPLC B/26/2016 12:19:23 PM SYSTEM

Figure C4.10 Immunoconjugate o-PDL-1 + DmtTic (4.2), D38; SEC Chromatograph
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AR —
Data File C:\CHEM3IZ2\1\DATA\Z2016-AUG\MLD-N39-CD137L-CMTTIC-50UG.D
fample Wame: MLD-D3§-CL137L-DMTTIC=500G.D

Acg. Operator i SYSTEM
Acg. Instruament : 1260 HPLC Location 3 =
Injection Date : 8/15/2016 12:21:33 FM

Inj Volums : Mo ing
Acg. Method ¢ C:NCHEM32\IAMETHODS AMLD-50BISC 60MIN 300ULMIN-FLD.M
Last changed : 8/15/2016 10:27:20 AM by SYSTEM

{modified after lcading)
Analysis Method C:\CHEMEE\I\METHGDS\DEFﬁLC.M
Last changed t e/17/20168 12:07:51 M by 3YSTEM
BAdditional Info : Peak{s) manually integrated

FLO7 &, Ex=352, Em=708 (2016-ALIGIMLD-D39-C0137L-DMTTIC-50U5.0)
LU
] f <§L
024 | "
022- / ‘lf
02 |
0.18 \
0.16 -
\..\ ||
0.14 X i
S e e e e e e e e e
B 5 4 T T eSSy T a 1 + = —y
R e 25 5 __ 75 10 12,6 18 178 min
VIND1 A, Wavelength=280 nm (2016-AUGMLE-D35-CO137L-DMTTIC-50UG.D)

mAL I
] |
200 | {
I
150 4
100 ! 4 .ﬁ'
: b ™ y H
i ’ ) gé |
50 i A R
i - 2 S mee e
e
) 125 15 75 |
Area Percent Report
Sorted By + Signal
Multiplier: 5 1.0000
Dilution: i 1.0000
Use Multiplier & Dilutlon Factor with ISTDs
Signal 1: FLD]l A, Ex=352, Em=708
Beak RetTime Type Width Area, Height Area :
# [min] [min] [Li*=] [LU] 3
st et s e e S se e e S |
al, 4.084 MM 1.3450 11,11818 1.37774e=1 100.0000
Totals : 11118381 277 Tda-1
1260 HPLC B/26/2016 12:15:29% PM SYSTEM Page 1ogf 2

Figure C4.11 Immunoconjugate a-CD137L + DmtTic (4.2), D39; SEC Chromatograph
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frter—Sile C:\CHEM3Z2\1\DATA\2016-AUG\MLD-D40-APD1-SCRAMDMTTIC-40UG. D
Sample Name: MLD-040-aPDl-scramDmtTic-50ug

s a3 e

hog. Operator

Leg. Instrument

Injection Date

hcg. Method

5YSTEM
1260 HPLC
8§/15/2016 11:30:14 &M

Logation
Inj Volume No inj
2 \CHEM32 % 1\METHODE \MLD-50BT SO_SDMIN_BO OULMIN-FLD,.M
8/15/2016 10:27:20 AM by SYSTEM

Last changed
{modified after leading)

C: \CHEM3241\METHRODS\DEF LC.M
6/17/2016 12:07:51 PM by SYSTEM

Brialysis Method

Last changed
Additional Info : Peak{s) manually integrated
FLD A, Ex=352, Em=708 {2016-AUGMLD-D40-APD1-SCRAMDMTTIC-50UG.0) ) = N aq
LU 5
;&1 rﬁg’
024 }i e
X
022 -
; | :
02 I| \
[
0.16 5
014 b
MZﬁZf:"“______"_ ; | i
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Figure C4.12 Immunoconjugate a-PD-1 + scrambled-DmtTic (4.5), D40; SEC Chromatograph
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i Data File C:N\CHEM3Z\1\DATA\2016=RUSAMLD=041-TNP-DMTTIC-50UG.D
Bample Name: MLD-D41-TNP-DMTITIC-500G.D

e e e N S = S
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1260 HPLC B/26/2016 12:20:23 PM SYSTEM Page 1t

Figure C4.13 Immunoconjugate o-trinitrophenol + DmtTic (4.2), D41; SEC Chromatograph
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1280 HPLC Bf31/201l6 4:46:3€ PM SYSTEM

Figure C4.14 Immunoconjugate a-PD-1 + scrambled-DmtTic (4.5), D46; SEC Chromatograph
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Data File C:\CHEM32\1\DATANZ016-SEPT\MLI-DA3-DMTTIC-APDLl  50UG.D
Sample MName: MLO=-D4%-DmtTic-aPDl_&G0ug
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Additional Tnfo : Peak(s) manually integrated
T FLD1A Ex=352, Em=708 (2016-SEPTWLD-D48-DMTTIC-APD1__50UG.D)

Acg., Method
Last changed

B
-

Lu § )
0.2 - g
024 | !
022 | f ?f
0.2+ .'I II".
0.18 .'I
0,15 - ! N
0.14 e
(IE ] St "'",_7-'-'-----1:".__'"".“_TJT" : ; _?, SR = s = R e
0 25 5 7.5 1 125 15 175 min|
VIVD1 A, Wavelangth=280 nm (2016-SEFTMLD-D49-DMTTIC-APD1__50UG.D)
mAL é
250 ™
200 £
4 | III
150 E I| i
100 i ¥
\ \
50 - 1
) \ "
5 - s T g S . _.. .
: T " T : — e — — Tt e ——— ) —
0 28 5 75 10 ) 12.5 15 175 min
Area Percent Report
Sorted By i Signal
Multiplier: % 1.0000
Dilutien: 1.0000
Uge Multiplier & Dilution Factor with ISTD=
Signal 1: FLDl A, Ex=352, Em=70§
Feak RetTime Type Width Area Height Area
#  [min] [min] [LU*s] | {LU] q
| s A == i | |
i | T.605 MM 10871 g, relds 1.485%61a=1 TO0CHOD
Totals 3.78135 1.49961e-1
Page 1-0E: 2

1260 HPLC 9/30/2016 5:44:15 FM SYSTEM

Figure C4.15 Immunoconjugate o-PD-1 + DmtTic (4.2), D49; SEC Chromatograph
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jata File C:\CHEM3Z\IADATANZO01 G—OCT\MLD“DSl—DMT‘TIC"CY55*DE’ElGlE—APQI_BOUG B
lampie Name: MLD-D51-DmE Tic-C¥55~DPEGL3~aPD1_50UG.D
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Ace. Instrument : 1260 HPLC Location @ Vial 1
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1260 HPLC 10/12/2016 5:07:57 PM SYSTEM Page L of 2

Figure C4.16 Immunoconjugate o-PD-1 + DmtTic (4.4), D51; SEC Chromatograph
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APPENDIX D:
TACUC APPROVALS

Page 1 of 2

UNIVERSITY OF

SOUTH FLORIDA

RESEARCH INTEGRITY AND COMPLIANCE
INSTITUTIONAL ANIMAL CARE & USE COMMITTEE

MEMORANDUM
TO: David Morse,

\..\ _ 1
FRCM: )

Farah Moulvi, MSPH, IACUC Coordinator
Institutional Animal Care & Use Committee
Research Integrity & Compliance

DATE: 1512015
Targeted radiopharmaceuticals for uveal and metastatic melanoma

PROJECT TITLE:

FUNDING SCOURCE: Mational Cancer Institute; H Lee Moffitt Cancer Center
IACUC PROTOCOL #: R 1800000805

PROTOCOL STATUS: APPROVED

The Institutional Animal Care and Use Committee (JACUC) reviewed your application requesting the
use of animals in research for the above-entitied study. The IACUC APPROVED your request to use
the following animals in your protocol for a one-year period beginning 1/5/2015:

Mouse: SCID (6-8 weeks, 15-20g, Fand M) 468

Mouse: C57BL/G (6-8 weeks/15-20 grf Fand 480
M)

Please take note of the following:

* IACUC approval is granted for a one-year period at the end of which, an annual renewal form
must be submitted for years two (2) and three (3) of the protocol through the elACUC system.
After three years all continuing studies must be completely re-described in a new electronic application
and submitted to IACUC for review.

* All modifications to the IACUC-Approved Protocol must be approved by the IACUC prior to
initiating the modification. Modifications can be submitted to the IACUC for review and approval as
an Amendment or Procedural Change through the el ACUC system. These changes must be within the
scope of the original research hypothesis, involve the original species and justified in writing. Any
change in the IACUC-approved protocol that does not meet the latter definition is considered a major
protocol change and requires the submission of a new application.

+ All costs invoiced to a grant account must be allocable to the purpose of the grant. Costs
allocable to one protocol may not be shifted to another in order to meet deficiencies caused by
overruns, or for other reasons convenience. Rotation of charges among protocols by month without
establishing that the rotation schedule credibly reflects the relative benefit to each protocol is

217

www.manaraa.com



Page 2 of 2

unacceptable.

RESEARCH & INNOVATION « RESEARCH INTEGRITY AND COMPLIANCE
INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE
PHS No. A4100-01, AAALAC No.58-15, USDA No. 58-15
University of South Florida « 12601 Bruce B. Downs Bivd., MDC35 * Tampa, FL 33612-4799
(813) 974-7106 * FAX (813) 974-7091

Figure D1 MC1RL IACUC Approval
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Page 1 of 2

US UNIVERSITY OF
SOUTH FLORIDA

RESEARCH INTEGRITY AND COMPLIANCE
INSTITUTIONAL ANIMAL CARE & USE COMMITTEE
MEMORANDUM
TO: David Morse,

FROM: <

Farah Moulvi, MSPH, IACUC Coordinator
Institutional Animal Care & Use Committee
Research Integrity & Compliance

DATE: 1/30/2015

Fluorescence Imaging of Pancreatic Cancer Targeted Agents

PROJECT TITLE:

FUNDING SOURCE: H Lee Moffitt Cancer Center
IACUC PROTOCOL # R 1500000946
PROTOCOL STATUS: APPROVED

The Institutional Animal Care and Use Committee (IACUC) reviewed your application requesting the use of
animals in research for the above-entitled study. The IACUC APPROVED your request to use the following
animals in your protocol for a one-year period beginning 1/30/2015:

Mouse: nufnu {nude) {6-8 weeks/ M/F/20g } 1008

Mouse: NOD/SCID (6-8 weeks/M/25g) 56
Rat: SD-Tg(GFP) Bal/2Rrrc (>79 days or 14
>299g/M)

Please take note of the following:

+ |JACUC approval is granted for a one-year period at the end of which, an annual renewal form must
be submitted for years two (2) and three (3) of the protocol through the elACUC system. After three
years all continuing studies must be completely re-described in a new electronic application and submitted
to IACUC for review.

= All modifications to the JACUC-Approved Protocol must be approved by the IACUC prior to
initiating the modification. Modifications can be submitted to the IACUC for review and approval as an
Amendment or Procedural Change through the elACUC system. These changes must be within the scope
of the original research hypothesis, involve the original species and justified in writing. Any change in the
IACUC-approved protocol that does not meet the latter definition is considered a major protocol change
and requires the submission of a new application.

+ All costs invoiced to a grant account must be allocable to the purpose of the grant. Costs allocable
to one protocaol may not be shifted to another in order to meet deficiencies caused by overruns, or for other
reasons convenience. Rotation of charges among protocols by month without establishing that the rotation

schedule credibly reflects the relative benefit to each protocol is unacceptable.

https://arc.research.usf.edu/Prod/Doc/0/6 EGTS0TMTOE4AH93ECFCLROVHSD/fromStri...  10/13/2016
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RESEARCH & INNOVATION » RESEARCH INTEGRITY AND COMPLIANCE
INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE
PHS No. A4100-01, AAALAC No.58-15, USDA No, 58-15
University of South Florida « 12801 Bruce B. Downs Blvd., MDC35 » Tampa, FL 33612-4788
(813)974-7106 - FAX (813) 974-7091

https://arc.research.usf.edu/Prod/Doc/0/6 EGTS0TMTOE4H93ECFCLROVHSD/fromStri...  10/13/2016

Figure D2 TLR2L IACUC Approval
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MEMORANDUM
TO:

FROM:

DATE:

PROJECT TITLE:

FUNDING SOURCE:

IACUC PROTOCOL #
PROTOCOL STATUS:

The Institutional Animal Care and Use Committee (IACUC) reviewed your application requesting the
use of animals in research for the above-entitled study. The IACUC APPROVED your request to use
the following animals in your protocol for a one-year period beginning 11/5/2014:

Mouse: nu/nu (6-8 weeks/15-20 806

grams/Male/Female)

Mouse: SCID/beige (6-8 weeks/15-20 270

grams/Male/Female)

Mouse: SCID Hairless QOutbhred (SHO) (6-8 150
weeks/15-20 grams/Male/Female)

Rat: Sprague-Dawley (>79 days/>299 102

grams/Male)

Rat: SD-Tg(GFP)Bali2Rrrc (>79 days/>299 15

grams/Male)

Mouse: NOD/SCID (6-8 weels/25 g/Male) 60

Please take note of the following:

« JACUC approval is granted for a one-year period at the end of which, an annual renewal form
must be submitted for years two (2) and three (3) of the protocol through the elACUC system.
After three years all continuing studies must be completely re-described in a new electronic application
and submitted to IACUC for review.

» All modifications to the IACUC-Approved Protocol must be approved by the IACUC prior to
initiating the modification. Modifications can be submitted to the IACUC for review and approval as

Page 1 of 2

UNIVERSITY OF

SOUTH FLORIDA

RESEARCH INTEGRITY AND COMPLIANCE
INSTITUTIONAL ANIMAL CARE & USE COMMITTEE

David Morse,

Farah Moulvi, MSPH, IACUC Coordinator
Institutional Animal Care & Use Committee
Research Integrity & Compliance

11/5/2014

Molecular Imaging Probes for Lung Cancer Intraoperative Guidance
H. Lee Moffitt Cancer Center

R 1S00000807
APPROVED
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an Amendment or Procedural Change through the elACUC system. These changes must be within the
scope of the original research hypothesis, involve the original species and justified in writing. Any
change in the IACUC-approved protocol that does not meet the latter definition is considered a major
protocol change and requires the submission of a new application.

+ All costs invoiced to a grant account must be allocable to the purpose of the grant. Costs
allocable to one protocol may not be shifted to another in order to meet deficiencies caused by
overruns, or for other reasons convenience. Rotation of charges among protocols by month without
establishing that the rotation schedule credibly reflects the relative benefit to each protocol is
unacceptable.

RESEARCH & INNOVATION + RESEARCH INTEGRITY AND COMPLIANCE
IMSTITUTIONAL ANIMAL CARE AND USE COMMITTEE
PHS No. A4100-01, AAALAC No.58-15, USDA No. 58-15
University of South Flarida » 12901 Bruce B. Downs Blvd., MDC35 - Tampa, FL 33612-4799
(813) 974-7106 - FAX (813) 974-7091

Figure D3 DORL IACUC Approval
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US UNIVERSITY OF
SOUTH FLORIDA

RESEARCH INTEGRITY AND COMPLIANCE
INSTITUTIONAL ANIMAL CARE & USE COMMITTEE

MEMORANDUM
TO: David Morse,

FROM: \M (Wm

Farah Moulvi, MSPH, IACUC Coordinator
Institutional Animal Care & Use Committee
Research Integrity & Compliance

DATE: 8/10/2015
PRQJECT TITLE: Molecular Imaging Probes for Lung Cancer Intraoperative Guidance
Non-Profit (Private Foundations, H. Lee Moffitt Cancer Center, etc.), For Profit
FUNDING SOURCE: (Industry Sponsored) or Other
H Lee Moffitt Cancer Center
|IACUC PROTOCOL #: R 1500000807
PROTOCOL STATUS: APPROVED

Your request for continuation of this study was received and will be reported to the Institutional Animal Care and
Use Committee (IACUC). The IACUC acknowledges that this study is currently on going as previously approved.
Please be advised that continuation of this study is in effect for a one-year period beginning 11/4/2015:

Please take note of the following:

+ IACUC approval is granted for a one-year period at the end of which, an annual renewal form must be
submitted for years two (2) and three (3) of the protocol through the elACUC system. After three years all
continuing studies must be completely re-described in a new electronic application and submitted to IACUC for
review.

- All modifications to the IACUC-Approved Protocol must be approved by the IACUC prior to initiating the
modification. Modifications can be submitted to the IACUC for review and approval as an Amendment or
Procedural Change through the elACUC system. These changes must be within the scope of the original
research hypothesis, involve the original species and justified in writing. Any change in the IACUC-approved
protocol that does not meet the latter definition is considered a major protocol change and requires the
submission of a new application.

RESEARCH & INNOVATION + RESEARCH INTEGRITY AND COMPLIANCE
INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE
PHS No. A4100-01, AAALAC No. 000434, USDA No. 58-R-0015
University of South Florida « 12801 Bruce B. Downs Blvd., MDC35 « Tampa, FL 33612-4799
(813) 974-7106 » FAX (813) 974-7091

Figure D4 DORL IACUC Approval Renewal
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